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SECTION 1
INTRODUCTION AND SUMMARY

On some earth-related reconnaissance missions, the interpretation of pictures can be con-
siderably enhanced by taking advantage of scene spectral contrast in addition to .utensity

contrast. Altaough this approach may have little value on a colorless surface such as the

Moon's, there are some indications of color differences on Mars. For instance, astrono-

mers have observed orange -yellow bright areas, gray-brown dark areas, white polar caps,

and yellow and white clouds on Mars. Figure 1-1 illustrates the marked albedo difference

between the dark and bright areas of Mars. In Figure 3-12 are shown the spectral reflec-

tivity signatures of some materials that have reasonable probability of existing on Mars,

such as limorite, basalt, and primitive lichen vegetation. The increased retlectivity and

larger differences in reflectivity in the near infrared suggest that color bands added in this

region may enhance contrast in the image 2ad help identify the type of constituents present.

The primary purpose of this study was to develop a technique for selecting color bands for an
imaging system; secordly to investigate the advantages to be gained from using certain
solid state detectors; and thirdly to determine if it is feasible by means of data compression,

adaptive control, and optimizing the number of grey levels in each color band, to keep the

total number of data bits down to a fraction above that required for a black and white panorama

from the lander, which has a very limited telemetry rate.

As shown in the flow diagram of Figure 1-2, the study consists of both analytical and experi-
mental tasks. In Section 2 the existing observational data on Mars are summarized, twelve

likely surface constituents are selected (Tables 1-1 and 2-5) and the reflection spectra are

presented between 0,3 micron and 5 microns. (Figure 2-11 to 2-23.)

In Section 3 a description and resulis are presented of the analytical approach which was

used to multiply the spectral reflectivity of the selected constituents by the illumination,

atmospheric transmission, filter transmission and detector spectral response so as to

1-1
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obtain response and modulation functions (Figure 3-14 to 3-35) for all constituents and each
detector considered. (Figure 1-2.) By locating optical band-pass filters at the points where
the modulation function is largest, optimum discrimination between the constituents can be
obtained. In Section 5 the number of equivalent grey levels in each band to accomplish the
discrimination is derived. On-board signature determination, simple data compression

schemes and a limited degree of adaptive control are considered in Section 6.

The experimental work is described in Sections 4 and 7. In Section 4 analytical results are
compared with outputs of densitometer scans across negatives of photographs taken of a
test scene. The photographs were taken with filters and solar illumination. The test scene
was composed of the materials shown in Figures 1-3 and 4-1. Section 7 describes the
results of discrimination experiments performed with GE's Multispectral Test Facility
(Figure 1-4) on a test scene similar to that in Figure 1-3. The false colar discrimination
pictures resulting from this experiment are shown in Figures 7-6 to 7-12.

The final conclusions are summarized in Section 8.

Suggestions for expanding the work in follow-on studies beyond the present limited scope are
presented in Section 9. During the entire report the reader must not lose sight of these
limitations. For instance, sun angles and camera angles were held fixed close to zenith.

As discussed in Section 9, the effect of variations in reflectivity due to varying sun and
camera angles should be considered in follow-on work. References and computer logic

diagrams are presented in Sections 10 and 11 respectively.
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Table 1-1. List of Constituents

1. Felisitic Rhyolite
2. Granite

3. Basalt

4, Dunite

5. Olivine

6. Serpentine

7. Goetkite
8. Pulverized Limonite
9. Silica Sand
10. Gypsum Sand
11, Calcium Carbonate
12, Lichen

Table 1-2, List of Sensors

0.3 to 0.8 Micron

Type 2 Cadmium Sulfide
Type 5 Cadmium Sulfide
Type 5 H Cadmium Sulfide
S-11

$-20

S§-10 (Multispectral Test)

0.3 to 1.1 Microns

S-1

Silicon

Type 3 Cadmium Selenide
Type 4 Cadmium Selenide
Type 7 Cadmium Sulfide

0.6 to 2,0 Microns

Silcon PIN Type 654

Germanium Type 653

Germanium PIN Type 655
1.0 to 5.0 Microns

Indium Arsenide
Lead Sulfide

Lead Selenide
Thermistor Flakes

_F_‘i_lx_x_l_ (Densitometer Test)

Ektachrome
Kodachrome
Plus-X

1-Z infrared
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Figure 1-3. Scene Arrangement and Geometry
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Figure 1-4. Multispectral Test System Block Diagram
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SECTION 2
OPTICAL CHARACTERISTICS OF MARS

2.1 OBSERVED PHOTOMETRIC CHARACTERISTICS OF MARS

2.1.1 SPECTRAL REFLECTIVITY

Although superficial visual examination of Mars indicates that the planet is red in color, a
closer examination reveals the presence of bright ochre areas; dark areas; and, at the
poles, white areas. Broadband measurements of the spectral reflectivity of the bright
and dark areas expressed in terms of geometrical albedo (e.g., see References 1 and 2)
typically yield the results shown in Figure 2-1, A complete summary of observations prior
to 1969 involving whole disk photometry appears in Figure 2-2. (Conditions under which
this curve was produced are described in Reference 3.) The figure illustrations show that
the geometrical albedo in the visual part of the spectrum rises rapidly with increasing
wavelength. The albedo of the dark areas exhibits similar behavior, but its rate of in-
crease with wavelength is considerably slower than that for the bright areas.

0.40

BRIGHT AREAS |

Geometrical Albedo
(o]
~N
(o]

|
l
|
y { DARK AREAS
] g

3000 4000 5000 6000 7000 8000 9000

A A

Figure 2-1, Variation in Geometrical Albedo with Wavelength [ Geometrical albedo is the
ratio of the average brightness of the planet viewed at ¢ degrees phase to the brightness of
a perfectty diffusing disk of the same diameter normal to the incident illumination (Loomis,

A.A., "Some Geological Problems of Mars, " Bulletin of the Geological Society of America,
Vol, 76) ]
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Figure 2-2. Spectral Geometric Albedo of Mars [ All measurements have been adjusted in
the vertical scale to match the aibedo values calculated by de Vaucouleurs (Reference 2) ]

The nature of the spectral reflectivity indicates that the reddish color of both the bright

Geometric albedo, p(a)
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and dark areas is real and is the consequence of generally low albedo,decreasing to-

ward the shorter wavelengths, from 0.33 in the extreme red (69002.) to 0.18 in the
visual green-yellow (5550 R) to 0. 046 in the ultraviolet (3600 X). Hence, the reflected
light contains relatively more radiation in the red portion of the spectrum than the in-
cident light. In the blue and violet portions, the reflectivity is remarkably low,
approaching that of soot. There exist mmerous reports of blue-green coloration of

dark areas. Such appearance is attributable to a psychophysiological effect first des-
cribed by Purkyné. According to this effect, a neutral colored region adjacent to a

brightly colored area takes on colors complementary to those of the bright area. Orange-

red and blue-green are complementary colors.
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Another characteristic feature of the spectral reflectivity is the broac shallow dip centered
around 1 micron, This feature is commonly referred to as the "limonite band, " Its very
existence is disputed by various observers, A detailed discussion of problems involved in

its detection is given in Reference 1,

The albedo of Mars varies with the location on the surface of the planet, For instance, in
the yellow portion of the spectrum there are certain bright areas on the surface of Mars with
an albedo of 0,15 and other dark areas where the albedo is 0, 05, The average value for the
whole planet in visible light is generally quoted as 0,15, This value is larger than the
albedo of the Moon and Mercury but considerably less than that of Venus or Earth,

2,1.2 SURFACE CONTRAST

In the green, yellow, and red regions of the spectrum, the surface markings are visible,
with the contrast between the bright and dark areas increasing with wavelength, At a
wavelength of approximately 4500 X, the dark areas become indistinct; below this wavelength
the contrast is completely washed out, An irdication of this effect is present in Figure 2-1,
A better illustration of the disappearance of contrast with decreasing wavelength is shown

in Figure 2-3, A striking observational fact is that there are brief periods when the con-

lor  SRNLINNN S B St S S B R S B N S BUD D N S B S N S Bt SR SN M *
Iog7; L -
S . J
Continent
-050F ~
+ 1
' — 1
1 Syrtis Hajor 4
~{o0 - .
s 1
| PN SN TP T B LS T z

§~

9 50 5000 ‘mﬂ - ook

RPN

Figure 2-3, Apparent Reflectivity of the Continents and Seas as a Function of Wavelength
(Reference 4) [ Ordinate: logarithm of the intensity ratios in an arbitrary continuous
spectrum of Mars and Sun; zero point was arbitrarily selected ]
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trast is clearly present in the blue region of the spectrum, The loss of contrast below
4500 1(\) and its sudden appearance have come to be known respectively as ""blue haze' and
"blue clearing, "' Attempts to account for these effects lead to numerous controversial
hypotheses, none of which are very successful., Historical accounts of these difficulties
are given in many places (e.g., Reference 4), One of the latest hypotheses is advanced in
Reference 1, in which the assumed model of the surface leads naturally to the loss of con-
trast at short wavelengths, Blue clearings are attributed to a combination of seeing the

:‘epomce of Martian clouds, and the size of dark areas being observed,

2.1,3 POLARIMETRY

Although no use is made of polarimetry in the present study, a brief discussion of such
observations is appropriate since this source of information is likely to be of crucial imper-
tance in choosing between alternate hypotheses on the structure and composition of the
Martian surface, Typical polarization curves are shown in Figure 2-4, Curves denoted

by b refer to bright regions and curve d to dark areas. Superscript « indicates that the
curve is based on observations during the 1952 and 1954 oppositions; superscript 8 refers

to oppositions of 1948 and 1950,

The most characteristic feature of Martian polarization curves is the region of negative
polarization for phase angles smaller than about 30 degrees, The negative branch is present

in the radiation of both the bright and dark areas,

2,1.4 INTERPRETATION
Detailed discussions of various attempts to interpret photometric and polarimetric observa-
tions of Mars are given in references 1, 4, 5 and 6. Various scientific arguments eventually

led to the following hypotheses, 3

According to one school of thought, originat=d by Dollfus {Reference 7), Martian reflectivity
and the degree of polarization can be matched accurately by the pulverized ferric oxide
polyhydrates, such as limonite, Dollfus found that among many terrestrial materials

examined by him, powdered limonite was the only one whose polarization characteristics

2-4




b g

b

ye

[ |

e -

2T T T T T T
ua}- / -
vaal- -

+40) -
+36} -
+32 -
+28} —
+24 )~ -
+201- -
+I6p —~4

+12F -

POLARIZATION, P, IN 7%
+
]
T
1

s .
-8 b -
)

12 d. e

—~16F —
—20-

-

/S N T T N W N A
0 4 12 20 28 » 44°

PHASE ANGLE, &

Figure 2-4, Comparison of Polarization
Curves for Bright and Dark Areas of Mars
with the Corresponding Curve for Pulver-
ized Hematite (Curve 4) [ After Dollfus,
Reference 1]

matched those of Mars in detail. Ideas of
Dollfus have attained their highest state of
development in the work of Sagan and Pollack
(Reference 1), These authors constructed a
consistent theory in which goethite, a form
of hydrated ferric oxide, plays a major role.
They present evidence that both the dark and
bright areas of the planet are covered by this
material and that the photometric appearance
is primarily the result of a difference in
particle sizes, The bright areas are covered
by particles whose mean radius is 25 microns,
whereas the dark areas are characterized by
particles whose average size is 100 microns,
At their darkest, the dark areas are thought
to be covered by particles as large as 200
microns, Within this theory, the seasonal
changes in dark areas are a consequence of

seasonal wind iransport of dust which results

in a change in the mean particle diameter covering the area, The indicated particle size is

not inconsistent with the rate of dissipation of yellow clouds and the measured values of so-

called thermal inertia, Within this scheme of things, there is no "blue haze." The loss of

contrast toward the shorter wavelengths is due to the transition from multiple to single

scattering for the particle size distributions involved, Finally, according to Sagan's and

Pollack's results, the latest polarization measurements are consistent with the latest

independent surface pressure estimates. Sagan and Pollack come to an additional interesting

conclusion that the polarization observations not only do not require a significant contribu-

tion from aerosols, but are, in fact, inconsistent with such a contribution.

Minerals othe> than hydrated ferric oxides were suggested for the red-orange material

covering the surface of Mars, From an examination of the spectrum of Mars in the wave-
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length range of 0.4 to 2.5 microns, Kuiper (Reference 8) concluded that the deserts may
consist of an igreous material similar to felsitic rhyolite, a rock composed mainly of
aluminum and potassium silicate minerals with small amounts of dark colored minerals,
several of which contain iron. Adams (Reference 3) succeeded in matching the whole disk
reflectivity curve by oxidized basalt., Not much else can be said about the suggestions of
Kuiper and Adams. They have not investigated consequences which may follow from their
hypotheses in terms of polarization behavior of their materials, effect of the state of

aggregation, thermal properties, etc.

Finally, it must be mentioned that unlike the emission and absorption spectra of gases,
polarization properties and reflection spectra do not provide specific means of mineral
identification, The difficulties are particularly acute in the near infrared region of the
spectrum due to the presence of theEarth's atmospheric interference, the general
similarity of reﬂéction spectra of many minerals, and the fact that Martian observations

in this region are not too numerous,

2,1.5 ATMOSPHERIC EFFECTS
For the purposes of the present study, the following assumptions were made concerning

the atmosphere:

1. No aerosols are present.
2. The atmosphere is plane-parallel.

3. In the spectral region from 0. 35 to 0.80 micron, Rayleigh scattering dominates
radiation transport.

4, In the near infrared, radiation transport is affected by 002 bands and, to a much
lesser degree, by H20 bands.

2-6
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In addition, it was assumed that it is sufficient to estimate atmospheric effects for the mean

Sun-Mars distance.

The problem then is to estimate the solar illumination of the surface of Mars. In the
wavelength range from 0,35 to 0. 80 micron, the flux of radiation GAat the bottom of the
assumed atmosphere was computed in terms of Chandrasekhar's functions ‘V1 , Yr. and
8. Both the direct and scattered radiation were accounted for., In the case of scattered
radiation, all significant Rayleigh scattering orders were included. The relationhip
between the optical depth T and the wavelenght A for this model atmosphere is given in
Table 2-1, The computation includes the effect of albedo A of the surface underlying

the atmosphere.

Table 2-1., Optical Depth as a Function of Wavelength

A 0.345 0.380 0.450 0.563 0.668 0.7175  0.7925
T 0.15 0.10 0.05 0.02 0.01 0.0075 0.005
A 0.35 0.30 0.25 0.20 0.15 0.10 0.05

For 7 = 0.15, six scattering orders were accounted for; for 0.1 < T < 0,15, two orders;
and for 7 < 0.1, only primary scattering was included. Computations were carried out
for ten values of sun zenith angle 90. These values are given in Table 2-2, The last
value listed closely corresponds to the instant of sunset or sunrise. Typical results are
shown in Figures 2-5 and 2-6, Figure 2-7 gives the correction factor enabling one to

compute the flu. at values of albedo other than 0.25,
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Table 2-2, Sun Zenith Angles used in Computations

Wavelength, A = 0.420 micron

cos O

=
|

A

The quantity G ) is to be found as follows:

cos 45° = 0.707

= 0.707

— — ——

Step 1. Determine G, without correction for albedo:

Ay u, = cos 90
0° 1.000
11%30" 0.98
20° 0.94
i 30°40° 0.86
- 40°32 0.76
% 50%12 0.64
: 58%40" 0.52
- 70°06 0.34
: 79°37" 0.18
88°48" 0.02
3 Practical usage of .1hese curves is illustrated in the following numerical examples.
: Let the following qua).ntities be given:
L’s Albedo, A = 0.18
E Sun Zenith Angle, 8 = 45 degrees
4
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This value of 4 falls between two values of “o (“01 = (,64; %2 = 0.76) for which curves
are available, Use a linear interpolation on K, (using A = 0,25 for the present):

6y ) = Gy o+ | 22 ) [0y ) - 0]
A ) = Gy (Hyy) Bop - My A b2 - Gy gy

where

Hoy < H, < Wy

0.707 ~ 0.640
Gy 4 (0:707) = Gy 4o (0.69) + | G o0 - 0.640 [Go.42

(0.76)

- Gy 40 (0.64)]

From Figure 2-6,

-2 -1
G0.42 (0.64) = 0,051 wem g

From Figure 2-7,

_ -2 -1
G0.42(0.76) = 0,061l wem

Then
0.067
G0.42 (0.707) = 0.051 + 0.12 (0.061 - 0,051)
= 0,051 + 0,006
2-12
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G0.42 = (0,057 watts cm  micron

Step 2. Correction for albedo, A = 0.18, is next:

G(A = 0.18) = G(A = 0.25) + [G(A = 0.25)] . [SA] [AA]
Now

G(A = 0.25) = 0,057
From Figure 2-7,

S(x = 0.4z = 0-057

AA = -0.07, i.e., (0.18 - 0.25)

Gy, 4z = 0-057 + (0.057) (0.057) (-0.07)

0.057 - 0,000227
G = 0.057 watts om™2 micron ) for A = 0,18, \ = 0.42, and 8 = 45 degrees

For he assumed atmosphere, Rayleigh scattering becomes insignificant at wavelengths
beyond 0.8 micron. Other atmospheric models lead to even smaller scattering effects.

Beyond 1 micron, illumination is primarily determined by transmission losses due to

band absorption of atmospheric constituents. The atmosphere is assumed to consist’

2-13




mostly of 002, N2, and trace quantities of A and H20. For this composition, the atmos-

pheric transmission will be determined by the absorption spectrum of CO2 and HZO vapor,

Argon and nitrogen have no absorption bands in the region between 1,0 and 5.0 microns,

Since the filter bandwidths used in this stud; are quite wide, the transmission of the
atmosphere can be treated in a manner suggestcd by Elder and Strong (Reference 10),
According to these researchers, the region between 0.7 and 6.0 microne is divided into
seven regions of relatively high transmission located between the centers of strong CO 2
and HZO absorption bands.

Elder and Strong and later Howard, Burch, et al.(Reference 11) showed that the transmission
within the so-called atmospheric windows can be represented by relatively simple empirical

relations,

Examples of these relations, given in graphical form and extrapolated to concentrations

which may reasonably be expected to exist on Mars, are shown in Figures 2-8, 2-9 and 2-10.

It is estimated that the concentration of H20 in one Maitian air mass is less than 15 to 20

microns of precipitable water; the concentration of CO2 is such as to yield a partial pressure

of 7 millibars maximum (85 to 100 meter-atmospheres). Atmospheric windows are
defined in Table 2-3,

Table 2-3, Atmospheric Windows

Window No, Wavelength Limits (microns Wavelength Limits (microns)
I 0.72~0.94 1,90 - 2,70
n 0.94-1.13 2,70 - 4,30
m 1.13-~1,38 4,30 - 6,00
v 1.38 - 1.90
2-14
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For a very small water path, resulting from the small partial pressure of water vapor,

the dependence of transmission on total pressure can be approximated by:

1/8
P
2
T. =T
1 2 P1
where T2, the transmission at 760 mm Hg, is taken from the fransmission curves appropriate

for windows 1 to VI, -

The integrated absorption for various CO2 bands can be approximated by the following -

expressions:
[ o oty
Av dv= CW (P +p) (2-1)
,[Avdv=C+DlogW*Klog(P+p) (2-2) .

where the total absorption is given in cm'l; W, the CO2 concentration in centimeter-

atmospheres; p, the partial pressure of CO_ in mm of Hg, and P, total pressure, in mm

2
of Hg. The constants are given in Table 2-4,

Equation 2-1 is to be used below the limiting value of f Av dy and Equation 2-2 above

this value. The second equation is to be used for the 4.3y band for all values.

The qualitative nature of low resolution absorption spectra of H20 and 002 is shown in

the inset of Figure 2-8,
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2.2 SELECTION OF PROBABLE MATERIALS

The materials selected for study can be assumed, with varying degrees of confidence, to
occur on the surface of Mars. The list is in no way comprehensive, and some of the items
may prove to be absent. Knowledge of the composition and geological structure of Mars is
extremely sketchy, but close-range surveys and actual sampling of the Moon has strengthened
the credibility of the techniques employed in determining the geology of remote planets. Any
group of reasonably common mineral materials spanning a large range of spectral reflectances
would serve to demonstrate the image analysis technique presented here. The choice of

materi. » * waich may be present on Mars focuses this technique on early Mars lander

programs.
:
H
]
: Table 2-4. Atmospheric Constants
,;
. CO2 Band Band Limits C k Limiting fAU dv
; 5.2 5.35 - 5,05 0.024 0.40 30 -
i 4.8 5.05 - 4,63 0.12 0.37 60
— 2.7 2,87 - 2,63 3.15 0.43 50
i.. 2.0 2.11 - 1,92 0.492 0.39 80
1.6 1.67 - 1,53 0.063 0.38 80
i #1.4 1,50 - 1.38 0.058 0.41 80

CO, Band Band Limits C D K
* 4.3 4.63 - 4.00 27.5 34 31.5
;, 2.7 -137 77 68

2.0 -536 138 114
[
2-19

!



Currently accepted hypotheses for the origin of the solar system indicate that all of the
terrestrial planets, and most of the planetary satellites, are principally silicates, with
varying amounts of free metal. The alpha-scattering experiment on Surveyor V corroborated
this belief with respect to the Moon by showing a chemical composition close to that of basalt.
Since rocks of basaltic composition make up the oceanic crust of the Earth and may also
underlie the continental crust, basalt seems to be primordial, and may be characteristic
surface material on the cther terrestrial planets. New basalt is continually brought to the
crustal surface along the miu-~oceanic ridges on Earth, but the mantle from which it seems
to come is believed to differ somewhat in composition from hasalt. There is evidence that
some surface exposures of peridotite and dunite may represent hernial protrusions of

mantle rock throughout the crust. One interpretation of the outflow of fresh rock along the
mid-oceanic ridges implies a genetic relationship between this phenomenon and the very

existence of major depressions in the crust, such as ocean basins.

The hard facts available for Mars are insufficient to permit formulation of any but the most
generalized model of Mars. Different investigators, using the same information, have
drawn opposite conclusions regarding the relative heights of the light and dark areas of
Mars. The occurrence or nonoccurrence of marine sediments on Mars cannot be knpwn
until it is established whether there are, or have been, extensive structural depressions
and sufficient free liquid water to permit a sedimentation process. Even the Mariner IV
pictures do not reveal this kind of information (Reference 12). Therefore, it cannot yet be
assumed that Mars has, in its geological history, experienced the kind of interaction

between land and sea that seems to be genetically important to petrogenesis on Earth.

The granitic rocks, including their lava or near-surface equivalents such as rhyolite, may
be present if Mars has had geosynclinal accumulations of sediment, with attendant crustal
deformation and the invasion of overlying rocks by acidic magma (Reference 13). If the
rate of erosion has been low, due to progressive loss or absorption of water, it might be
expected that rocks of deep-seated origin, such as granite, have not been xposed at the
surface. If this is true, rhyoclitic rocks, if they were formed, would be more likely to be
observed. Conversely, if erosion by any agency, especially that by windborne particles,

has been prolonged and severe, it might be expected that the extrusive rocks such as
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rhyolite, trachyte, or basalt would have been cut away, exposing large areas of deep-seated

granite, gabbro, or peridotite.

The present evidence indicates that Mars has an extremely arid surface environment
marked by high winds which occasionally can be seen to carry dust or sand (References

14 and 15). Such a condition will inevitably lead to typical eolian erosion of exposed rock
surfaces and deposition of rock waste as thick accumulations in major depressions on
prevailing-wind lee slopes, as transient sheets on other surfaces, and probably as extensive
dune deserts such as those in the Sahara. The Mariner photographs do not show the Martian
surface as a featureless waste of sand blanketing all rock, but rather as one with
mountainous crater walls (Reference 12). We can expect to find accumulations of coarse

rock waste as talus, mingled with windborne sand and silt.

Much of the eolian sand may have been converted to sandstone by cementation with iron
oxide, gypsum, calcium carbonate, or other salts leached out of the rocks. This process
presupposes sufficient water in the past ur present to provide the necessary chemical
mobility. Deposits of loess, composed of windborne silt grains, may occur in areas
segregated from dunes of sand-sized particles, The mineralogy of these sands and silts
should be similar to that of Earth's eolian sediments. In the absence of abundant free water,
it is likely that the total content of feldspar will be greater, with a corresponding lower
amount of clay minerals derived from chemical weathering of the feldspars. Free silica,

as quartz or chalcedony, may well be the dominant mineral in the sand deposits, due to its
chemical stability and resistance to abrasion. Sorting of minerals during transport by the

wind will take place as a function of particle size, density, and shape (Reference 16).

Concentrations of heavy minerals, such as magnetite, zircon, titanite, and the ferromagnesians,

may well be found as pockets and streaks at the base of various sand beds.

The red coloration of Mars, in various hues as a function of time and space, has probably

dominated efforts to interpret the geology of the planet. Several investigators, led by A.
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Dolifus (Reference T7), have identified the mineral limonite, hydrated iron oxide, as the
most probable source of this color. The arguments for this conclusion are reasonable

and as a consequence the literature devotes considerable attention to the material, Limonite
or the nonhydrated iron oxide, goethite, occur extensively on Earth, but usually in minute
quantities. The mineral very often forms as a thin film on the surfaces of rocks or sand
grains, entirely masking the characteristics of the mineral it coats. The deposition occurs
as precipitation from ground water or surface water where evaporation of the water results
in a locally saturated solution. A review of the Gemini and Apollo color photography of the
Earth reveals that only the oceans make this the "Blue Planet", for the land surfaces are
predominantly reddish. Very few soils are blue or green; most of them are shades of red,
yellow, or brown. The presence of minor amounts of iron oxide accounts for most of this
coloration. We should not expect to fin:! on Mars any extensive deposits of loose limonite,
although it is possible that layers of hs: dpan, <il, and gravel cemented into a solid rock

by limonite, may be found below the surface.

The presence or absence of life forms on Mars consitutes the heart of Man's interest in the
planet. This report is not the place to argue the point, but it should be noted that the
presence of some form of vegetation would have profound implication for the surface ,
characteristics of the planet. Presumably, plants using photosynthesis there would need
osmotic devices, such as roots, to penetrate the substrate to gain access to ground water
and dissolved minerals (nutrients). Such devices would contribute to decomposing and
disintegrating rocks and soils. Also, the very essence of life, as Man knows it, is that

the individual must eventually die in order to assure survival of the species. The implication
of this is that the cellular material composing the body of the plant is ultimately returned
to the soil to contribute to the slow accumulation of decaying organic matter which can
serve as rutrient for other plants. Many investigators have proposed that the symbiotic
organism of fuagus and algae, known as lichen, which survives even the severest conditions

of cold and aridity on Eartk, may qualify as a Martian plant.

In order to provide experimental materials which would simulate some of the assumed
Martian conditions discussed here, and for which spectial reflectance data havé been
published, the list in Table 2-5 was prepared. The criteria for selection of these materials
were commercial availability and their probability of occurrence on Mars,
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Table 2-5. List of Selected Materials

Rock Mineral Sediment Life Form
Rhyolite* X
Granite* X
Basalt* X
Dunite* X
Olivine X
§ Serpentine X X
v Goethite X
: Limonite* X
% Silica Sand* X
{ Gypsum Sand X
f
- Calcium Carbonate X
; Lichen* X
!

* Materials actually used in photo experiments
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2.3 REFLECTION SPECTRA OF PROBABLE MATERIALS
Spectral reflectance signatures used in the analytical part of the study are shown in Figures
2-11 to 2-23. These spectra were obtained from the literature, mainly from References 17

and 18,

All thirteen spectra are given in terms of the total hemispherical reflectance. Measurements
of directional reflectances were not used in this work. Spectra of Reference 17 were
obtained with a modified Beckman DK-2 ratio-recording spectrophotometer and an integrating
sphere attachment. A similar instrument, Beckman DK-2A with a total reflectance attach-
ment, was used to obtain the reflectance spectra in the wavelength range from 0.5 to 2.5
microns given in Reference 18. Beyond 2.5 microns a Cary Model 90 double-beam spectro-

photometer with an infrared total reflectance attachment was used.

The references indicated for the figures give geographical locations from which samples of

the measured materials were obtained.
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Figure 2-12, Spectral Reflectance of NAA Standard Granite [ Reference 18 ]
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Figure 2-22, Spectral Reflectance of Lichen{ After Levitin Reference 32 ]
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SECTION 3
SELECTION OF DETECTORS AND SPECTRAL BANDS

3.1 INTRODUCTION

Before discussing in detail the logic used in selecting the optimum detectors and associated
spectral bands, it is pertinent to briefly review the primc objective of this part of the study.
It is to select the best combination of detector and filter bands for optimum contrast on a
scanning type of imaging system. The scanning system is assumed to be capable of accept-
ing any solid state detectors within the spectral band 0.3 to 4.0 microns. The description
of the detector, as given, is meant to include photo-emissive, photo-conductive, photo-
voltaic and bolometric transducers. A considerable amount of study and experimentation
has been applied to attaining maximum scene contrast on film or plates; this study in no
way attempts to repeat this work and for this reason the film medium has been excluded
from the study. Accordingly the emphasis of the . idy is an effective means of comparing
the performances of different detector and filter combinations. Tle number of detectors
chosen and the technique that was developed to choose appropriate filter-detector cormbina-

tions will be discussed below.

At this point it is also pertinent to mention some of the limitations of the study. Owing to its
restricted scope it has not been possible at this stage to discuss the affect of these important

parameters on band and detect :’ selection.

1. Signal to noise ratio

2. Dctector frequency response

3. Spatial resolution of the sensor
4, Varying sun angles

5. Vearying constituent refiectivities

During the discussion of the results and occasionaliy u:isewlere, the possible affects of

these factors will be briefly mentioned.




Because of the above limitations for this particular study we have assumed:

1. Constituent reflectivities are invariant
2. The sensor output is noiseles.

3. The detector response time does not affect the sensor output

3.1.1 OUTLINE OF THE AFPROACH

The basic concept utilized has been that of a computer simulati. . of the imaging process.
The flow of monochromatic radiant power from the solar source is followed through the
Martian atmosphere, onto the surfac. constituent, through the atmosphere again, through
the sensor optics and finally nnto the detector element. A final irtegration is performed
on the wavelength limits of the detector or filter and the output of the program, assuming
a linear electronic amplifier, is proportional to the sensor output. This flow is shown

below together with © appropriate symbols that will be used throughout this chapter.

TABLE 3-1. RADIANT FLUX FLOW DIAGRAM

Parameter Symbol
Solar Irradiance H)\
X
Martian Atmospheric Transrmission (TA))\
Martian Irradiance (Hm))\
X
Constituem Reflecting Power R}\

Constituent Radiance

X
Surfacc Atmospleric Transmission (T )1
A o
X
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TABLE 3-1. RADIANT FLUX FLOW DIAGRAM (Cout)

Parameter Symbol
Optical Relative Transmission E)A
X
Detector Relative Response (S_l)
Sensor Monochromatic Cutput (s.o. ]X

Using the above parameters, the sensor output [SO] is obtained from the simple expression:

2

qf)"x2=j H - (T,) - R, - (Ta) - (T),- ®.)dA 3-1
“_hl O U Y UL WY

N

or if, as is likely on Mars, the surface transmission (T A’i = 1, and also if surface radiance

data is used the alternate expressicn is:

A

A
2 —— ——
[SO]’\. = f Hp)y " By - (T, - (Sl) - dA 3-2

o'

A
The inclusion of a constant of proportionality will convert [SO] A‘;to the correct sensor

output units. This basic calculation is repeated for each type of detector and each waveband
selected. 'n order to compare the detector performance; however, a different criterion is

required and will be discussed in the appropriate sectien.

In addition tothe theoretical analysis, some experimental work has been performed in an
attempt to verify the validity of the theoretical approach (Sections 4.0 and 6.0). Although
these experiments could not cover the full spectral raage of the investigation, verification
of the technique in a restricted spectral range serves to demonstrate the feasibility of

the method.



3.2 BASIC DATA

in order to carry out the study. certain data was required and used throughout. These will

be discussed in the next few sections.

3.2.1 THE SELECTION OF THE CANDIDATE DETECTORS

In order to acquire a wide cross-section of the detectors currently available, all detector
manufacturers listed in the Optical Manufacturers Directory were solicited for detaiis of
their products. A return of about 50% was obtained. Not all replics were pertinent to the
original request for data. The final seiection consisted of 15 suitable detectors. The range
of wavelengths over which they were responsive varied from detector to det. >tor, but it was
possible toe group them into four distinct bands. The spectral range of these tands and the
detectors within each hand are enumerated beiow:

TABLE 3-2. DETECTOR BANDS

Band I

0.3 -0.88)
S11

S20

Type 2 -~ Cadmium Sulphide
Type 5 - Cadmium Sulphide
Type SH - Cadmium Sulphide -

Band 11

0.3 -1.14)
81
Silicon
CdSe (4) - Cadmium Selenide
CdSe (3) ~ Cadmium Selenide

CdS (7) - Cadmium Sulphide

P 4

| — -;




P Dl ANy POTSTTIN

g

gy [ o Y Prvpe S R » ———
t e ¥ ! vt ' ’

Band IiI
(0.6 -2.0M)
Silicon PIN Type 654
Germanium Type 653

Germanium PIN Type 655

Band IV

t.op - 5.0m)
Indium Arsenide
Lead Sulphide
Lead Selenide

Thermistor Flake

The normalized relative responses of these sensors plotted against wavelength are shown

in Figures 3-1 to 3-4.

Added to these were the responses of the sensitive materials used for the two supporting
experiments. These were Plus X, I-Z Infrared, and the S10 photocathode. The responses

of these are displayed in a similar manner to those above in Figure 3-5 to 3-6.

3.2.2 THE MARTIAN IRRADIANCE
The Martian Irradiance was obtained in two parts, that covering the 0.3-0.8 microns
(Figure 3-7A)and that from 1 -5 microns. The long wavelength region was modified for the

CO2 and H20 absorption and the composite curve obtained as shown in Figure 3-7B.

3-5




3.2.3 OPTICAL TRANSMISSION

The transmitting (and reflecting) components of the imaging system can be taken into
consideration in the programs. However in most cases they do no have spectral variations
of transmission or reflectivity; this situation applies tc the visible and the irfrared. There-
fore throughout the study it has been assumed that these are equal to one. When filter bands

are used they are considered as separate transmitting media to that of the optics.

3.2.4 THE CONSTITUENT REFLECTIVITIES

The list of available refiectivities were skown in Section two. Early runs indicated a less
~onfusing situation would exist if fewer than the twelve available constituents were used in the
analysis. Accordingly a representative sample of six were chosen on the criteria tha. they
would be¢ a fair cross section of the various forms given ia table 2.5 and also that they would

be well represented in the film and discrimination experiments. The six chosen wer. : Rhyolite,

Basalt, Dunite (Rocks), Limonite (Mineral), Silica Sand (Sediment}, and Lichen (Life form.)

3.3 BROADBAND OUTPUTS

3.3.1 THE DERIVATION OF THE BROAD BAND OUTPUTS
"Broadband’ used here refers to the full spectral range of the detector under examination.
This in some cases e.g. CdSe can be of the order of only 0.1 micron at the half-peak response

levels. utit more~generally is of the order 0.2 microns and greater.

As a result of the statement made in Section 3.2.3 with respect to the optical transmission,

the revised form of Equation 3-2 becomes

M " R - (S.)-dn 3-3
[5.0],%= ja‘ () Roe (Sa

The computer program written for this part of the study (MULTSPEC) evaluates this integral,
and as is seen from the simplified flow diagram, (Appendix 11-1) the omitted transmission
factors exist as options in the program. Common to all wavebands is the "scene', the selection
of which is described in Section 2.2. The reflectivities of the constituents were divided into
the four bands corresponding to those in which the detectors were grouped. The Martian
irradiance was treated in a similar manner. The appropriate sensor response was normalized

to the value of its peak response, which became 1 in all cases. The constituent reflectivities
and the Martian irradiance remained unnormalized. The digital outputs of the computer program
are presented as histograms of the outputs for the various constituents versus detector material.

3-6
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3.3.2 DISCUSSION OF THE BROAD BAND RESULTS
Broadband results obtained for the four wavelength bands are shown in Figures 3-8, 3-9,

3-10 and 3-11.

The results that will be described in this section refer specifically to the scene consisting of
Rhyolite, Limonite, Dunite, Basalt, Silica Sand and Lichen. Different conclusions as to the
merit of using a detector or combination of detectors will in mose cases apply when the

scene constituents are changed. A few examples demonstrating this point have been included.
The reason for including the broad band findings ir this study are twofold; firstly they are
required for a later task, tha! of comparing intensity resolution to spectral resolution;
secondly, it is of interest to know which of the selected detectors has the best overall

capability without the aid of spectral filters.

The visible and near infrared bands have constituent outputs that are very similar in terms
of order of magnitude. This is not too surprising in view of the data shown in Figure 3-12

which is a plot of the reflectivities of the constituents as a function of wavelength.

The irradiance in this part of the spectrum is a relatively smooth function, and consequently
the sensor output in general follows the inagnitude of the reflectivities when the detector
spectral range is relatively narrow. For detectors like Si and SI where the spectral
reflectivity contributes to the signal over a wide spectral band, the relative detector outputs

are not easily predicted.

It is not suprising therefore that the relative order of cutput throughout the 0.4 - 0.8 micron
band and 0.4 - 1.1 micron band is very similar (see Figures 3-8 and 3-9). However closer
inspection of the two figures reveal that there are significant diffefences in the outputs that
can result in greater or lesser contrast. For example, the S11 detector output for Rhyolite
and Limonite differs by nearly a factor of two whereas the same materials for CdSe3 and

CdSe4 differ by less than one percent.

- e e _ — e o et s+ - -
= ——— .




Owing to the rise in reflectivity of Limonite in the 1-2.5 micron region the relative outputs
follow a slightly different regime in the 0.6-2.0 micron band. The high spectral selectivity
of the three detectors in this band also affect the integrated detector output significantly.

The overall effect can be seen in Figure 3-10. The final band extending from 1 micron to

5 microns contains four detectors, three of which are spectrally selective with the fourth
having an essentially flat response throughout the whole of the band. Surprisingly the outputs
of the Lead Sulphide, Lead sulphide and the Thermistor flake are essentially similar. How-
ever owing tc the very low irradiance from about 3 microns together with the fairly broad

Ci‘-z absorption band at 3.5 microns, the contribution outputs of wavelengths greater that

g

3 microns is relatively insignificant, and may account for the similar spectrally selective
and thermister flake results. This part of the study although incidental to the main problem
has shown the value of considering in detail the performance of intermediate band and broad

band detectors as components of an imaging sensor.

A greater selectivity can be obtained by using narrow bands of the order 100-300 X together
with the appropriate detector; the results obtained by using this combination is discussed in

the next section.

3.4 NARROW BAND OUTPUTS

3.4.1 DERIVATION OF THE NARROW BAND OUTPUTS

o)
The narrow band has typically a half peak transmission width of about 100 A, although the :
analysis technique capable of handling infinitely small bandwidths, practical considerations ‘

indicate that signal-to-noise considerations preclude the use of very narrow bands. 1t is

SO

important to choose the correct narrow bands and also their spectral location, for they may

have a total width of as little as 2% of the spectral band of the detector. If a practical limi-

[———]

tation of say 5 or 6 filters is imposed, this implies that the sensor system may only be using

as little as 10% to 15% of the total band available. The correct positioning of these filters is

therefore imperative. A simple calculation shows that the possible combinations of constit-

S~y
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tuent, detectors and filters in the narrow band case can soon become astronomically large,

and is a situation ideally suited to a solution empioying reiterative computer techniques.

The computer technique chosen was based on the principies used in MULTSPEC. In the new
program, called FILTSPEC, the parameters (Hm))‘ ) RX .§>‘ are again multiplied together
as before. In this program, however, the wavelength increment as is a function of the width
of the narrow band filter which is an additional multiplying term. This filter has che charac-
teristic shape of a manufactured interference filter; the filter transmission is normalized to
the peak transmission which as before is made equai to 1. The filter is adjusted to a posi-

tion at the cut-in wavelength of the detector and the first integral under the filter band is

s - (Th), R B,

where A Fo = A1+ the width of the nsi cow ban ~ filter at the 1% Peak Transmission width.

performed viz:

(Approximately 2X half-peak transmission width.)

LetA F -X _ = A\ , then 3.4 becomes:
o 1
X'T A

[0 [, R (TR (8D 4

The value of the integral is stored and is subsequently plotted against the wavelength of the
peak transmission of the filter i.e. A (peak) =A 1t ék{ The filter is then meoved along
the wavelength scale to a position where its peak transmission is at A 1t AX and the integral
performed again. This process is repeated along the full spectral range of the detector and
may involve from 30 to 80 steps for one constituent and one sensor combination. This

"sliding fiiter" technique is shown diagrammetrically in Figure 3-13.

3.4.2 DISCUSSION OF NARROW BAND RESULTS
The results are given ir Figures 3-14 to 3-30 in the form of plots of sensor output vs. wave-
length (microns) for each constituent and each of the four wavelength bands. For each detec-

tor there are plots of a family of six curves, each curve representing the output of the

3-9
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detector for that constituent. The method of identifying each constituent is accomplished by

using numbers from 1 to 6 according to the following code:

1 Rhyolite (abbreviation RHY)
2 Limonite (abbreviation LIM)
3 Dunite (abbreviation DUN)
4 Basalt (abbreviation BAS)
5 Silica (abbreviation SIL)

6 Lichen (abbreviation LIC)

This ccde is retained throughout the study for these constituents.

These curves will be used and discussed more extensively in connection with the modulation
outputs. However it is appropriate to briefly discuss here their significance. Each of point
of each curve represents the output that the sensor would give for a narrow band filter of the
shape shown in Figure 3-13. In the visible and near infrared parts of the spectrum, the half
peak width of the filter is 150 X and in the infrared 450 Ao : along the abcissa is plotted the
wavelength at which the filter has its peak transmission. The overall shape of the curve
follows that of the spectral response of the detector, however, a close comparison of the
relative outputs indicates that as is to be expected they are in the same order of magnitude
as the reflectivity curves in Figure 3-12. Silica therefore is the dominant output at all wave-
length up to 3 n}icrons. Dunite, Rhyolite and Lichens have persistently low outputs and
therefore,in a scene in which they are adjacent to Silica,would render considerable contrast:
but adjacent to each other they would give rise to a very low contrast scene. A study of the
bands shows that the best spectral regions to use are 0.4-0.45 u, 0.68-0.78 , 1 p-1.1pu.

1.254 -1.54 . What these curves do not show clearly is the relative merit of placing a

b e pmeq s e ey s e D B DR DD O OB =B

given narrow band at a particular spectral location. It is, for example, extremely diffi-

cult to judge the contrast resulting from placing the narrow hand close to the cut in, or cut

S

off, regions of the detector response; the region around its peak response is easier to assess,

(but even then it is difficult to compare the relative merits of the bands). It was for this

o
[RE—-t

reason that the modulation concept was introduced and further discussion of these curves

will take place in connection with the modulation technique.

[y
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3.5 MODULATION ANALYSIS

The technique outlined above is ideally suited to investigations using one type of detector

only; it has been used frequently and succeassfully for aerial reconnaissance using film as the
detector medium. To compare the merits of more than one detector a different kind of
criterion is needed, one that is not dependent on the type, magnitude or spectral location of
the detector response. It is clear that this criterion must be a function of the detector ouvt-
put. This type of requirement implies a normalization technique may be suitable, as for
example, in contrast evaluation in film photography. In the latter case a contrast function

is formed from the density from adjacent exposed areas: this can be in one of three forms:

(a) The Contrast Ratio (CR)
b) The Contrast Difference (CD)

(c) The Contrast Modulation (CM)

If we represent the exposure of these adjacent areas by V1 and Vz respectively

(V1 # Vz), we have for

(a) CR = where 0 < CR< =

{b) CDh = V1 -V

where 1< CD < @

(©) CM =V -V2 where 0 < CM< 1

The first two have the disadvantage that one of their bounds is infinity; this yields a

criterion that is no better than the calculated outputs of the detectors. The third criterion

3-11




is the most applicable, primarily because its numerical range lies within 0 and 1, and for

this reason was the criterion chosen.

In applying the technique a scene is chosen (Section 2.0), and the detectors are evaluated on
the assumption that any of the scene constituents can be adjacent to any of the others in the
hypotihetical scene arrancement. Thus if there are n constituents, the number of possible
arrangements of zdjacent (different) constituents is “Cz. The method describ~” can be used

for both the broad band and narrow band analyses.

3.5.1 MODULATION ANALYSIS FOR BROAD BANDS

A value of

2 -
=I§1 H .R}. (SA) dy, 3-6
was determined for each detector for each of the constituents of the scene, so that if we

denote each of the constituents for simplicity as A, B, C, D, E, F, (n = 6), the correspond-

ing output for each constituent is

lSOIA, [SO]B, [SOIC, [SOID, [SC]E’ [:OIF

the integral being performed over the same wavelength range) 1" A 9" A modulation value
for, say, constituents A and B (M)AB, is given by
= t[S0] - IS
™), = |1s0l, - [sol 37

(80), + (0)

In a similar way (M) AC (M) AD, M) AE ’(M)AF can be obtained. Thus in this way the scene is
treated in a statistical manner in which it is supposed that an equal probability exists for
any two constituents of the scene being adiacent to cne another. In this circumstance the
output modulation of the signal is expressed by the modulation term above. It was mentioned

above that owing to the restricted scope of the study, variations in the illumination 2  d

3-12

hi et b s WON TN GNG RS OEF DR S P N W e

[

-




5

— wsea osew  eoes GUD oS B WE SEN S e M) O WEN AW WO UM AW AR

reflectivities of the constituents cannot be taken into account, consequently the situation
being studied is not truly representative in nature in which significant variations in a

constituent reflectivity occurs.

There are several modulation functions that can be derived: the''Discrimination Modulation"

(DM} of a constituent which for constituent A is given by:

= @ . N Irre 3-8
(DM)A N)AG M)AC+(M)AD M)AE+N)A1-‘ /n-1

and the "Scene Modulation" (SM) which is given by

("2}
[
o

(SM): (DM), + (DM), + (DM), + (DM + (DM)_ + (DM) /n:

Each of the modulation terms given above were determined for each sensor in each of the
given wavebands; the values obtained are given in the histegram Figure 3-31 - in addition

the values of DM for the constituents as a function of detectors are shown in Table 3-3.
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TABLE 3-3. CONSTITUENT MODULATIONS FOR THE TEST SCENE

DM DM DM DM DM DM
RHY LiM - UN BAS SIL LIC
S11 0.40 0.51 0.40 0.47 0.52 0.%3
S20 0.37 0.38 0.39 0.45 0.51 0.72
Cds2 0.31 0,36 0.30 0.39 0.47 0.69
CdS5 0.28 0.31 0.28 0.37 0.46 0.64
CdssH 0.31 0.39 0.31 0.40 0.47 0.69
Si 0.24 0.24 0.29 0.32 0.45 0.44
S1 0.25 0.25 0.27 0.35 0.46 0.49
CdSe3 0.24 0.24 0.30 0.33 0.45 0.46
CdSe4 0.24 0.24 0.29 0.33 0.44 0.49
Cds7 0.26 0.27 0.26 0.36 0.46 G.59
653 0.28 0.30 0.46 0.29 0.42 0.34
654 0.23 0.23 0.29 0.25 0.43 0.34
655 0.24 0.24 0.34 0.25 o 44 0.27
Pbs 0.25 0.27 0.31 0.25 0.43 0.33
PbSe 0.23 0.25 0.30 0.23 0.41 0.26
In As 0.23 0.24 0.28 0.24 0.42 0.25
Flake €.23 6.24 0.31 0.24 0.42 0.26
3-14
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3.5.2 BROADBAND MODULATION RESULTS

Somewhat unexpectedly the greatest scene modulation occurs in the blue part of the spectrum.
Examination of Figure 3-12, in which is plotted all the constituent reflectivities, indicates
that the prime causes of this high modulation is very low reflectivity of Lichen and the high
reflectivity of Silica Sand. It is noticeable that at longer wavelengths the Lichen reflectivity

increases and the average modulation decreases accordingly.

In the infrared the reflectivities vary considerably and Limorite, Dumnite and Rhyolite follow
each other closely so that the integrated outputs for these constituents are similar, which is
a cendition that gives rise to low scene contrast. This is clearly illustrated in the modula-
tion values given in Figure 3-11. For broadband scene contrast therefore, the best sensors
to use between 0.4 and 1.4 are the S11 and S20 detectors. In the infrared the best results
are obtained with the Silicon PIN 654 diode.

3.5.3 MODULATION ANALYSIS FOR NARROW BANDS

The method used is identical to that used for the broad bands, the only difference being the
width of the band: equation 3-4 is used in determining the values of SM and constituent DM's
for each of the narrow band positions. Utilizing this technique and exhibiting the results in

a plot of DM's -and SM vs. peak wavelength of each position of the narrow band filter, a visual
representation of the analysis is obtained. With this data, it is possible to position the
required broad bands or narrow bands for optimum discrimination. The results are present-

ed for all the bands in the following section.

3.5.4 NARROW BAND MODULATION RESULTS

For each detector a family of curves for the DM's and SM of the constituents was drawn;
these curves were derived from the narrow band output results. Four samples of these
curves are shown in Figures 3-32 to 3-35 representing the 0.4-0.8 micron, 0.4-1.1 micron,
0.6-2.0 micron and 1-5 micron spectral bands respectively. The variation of the constituent
modulations (numbered) and the scene modulation (dashed) are plotted against wavelength in
the same way as the narrow band ov ‘uts. Their variation with wavelength was found to be

identical for each detector in each band. The shapes of the curves were found to correlate
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in shape, but not in absolute magnitude with a modulation plot (Figure 3-36) derived from the

reflectivity curve of Figure 3-12. A simple analysis for an extremely narrow band (less than
o

150 A wide) shows that this result can be expected. Using the symbols described in Section

3.1.1 and the modulation terms evaluated in 3. .1

o1, [5O3,
(H)a - | Lsel, 6
° Ls.ol, +{s.0lg

3-10

(M)ge = ! fom, %) ()T ) dn [, R ()], ev]
S,-E H»)»(R»\,,\ (g‘,),(ff)p dx> -r‘E'ZHQ ,\(Rs)) ( S ;\\(/'F),d% 3-11

now since the band is very narrow A 1 -A 9= AAX and over this small wavelength interval

(Hm)k (§A) (TF)X can be assumed constant over the interval and so the equation becomes

(M),e - () (E)T)on . (o Ro)
(H’M})~ (5_,\\(/‘{—'),\6) Rﬁ + X

Thus for extremely narrow bands (circa 10 X) the output moduiation (>r the sensor may be
expected to follow that of the reflectivities unless very sharp gr.dienis in the irradiance or
the detector response occur. For bands of the width for which the narrow bands results above
were calculated (150 X wide) indicates that the influence of the narrow band filter is insignifi-
cant; the changes arising out of increasing the band width and diffe ring filter shape require
further investigation.
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3.5.4.1 Selection of Spectral Bands for Scene Contrast

Narrow bands can be selected from the modulation plots and the narrow band sensor outputs.
The objective of the selection is to acquire maximum modulation of the sensor output, assum-
ing a random arrangement of scene constituents. Clearly then to satisfy this requirement the
region of greatest average modulation must be located. Although detector noise has not been
included in this study, it is obvious that in regions where the detector outputs are less than
about 30% of their peak an undesirable signal to noise ratio may exist. According to these
criteria it is seen from inspection of the 0.4 to 0.8 micron and 0.4 - 1.1 micron bands
(Figures 3-32 and 3-33) that the greatest modulation occurs at 0.4 micron and falls off
momentarily to about . 65 microns. Throughout the whole of this region however the mod-
ulation is high, being between 0.4 and 0.5. Since the modulation curves for all the detectors
are identical, it follows that any of them could be used. However as a consequence of the
noise considerations mentioned above, the sensors mecommended for the 0.4 - 0. 8 and

0.4 - 1.1 micron band are S11, S20 and Si. For purpose of contrast maximization any other
bands may be selected throughout the spectral sensitivity range of the detectors but the con-

trast obtained will always be less than that around 0.4 microns.

In the infrared the scene modulation is consistently less than that in the visible up to 3
microns; beyond 3 microns it rises rapidly up to 0.46, drops to 0.32 at 0. 37 microns, and
then rises to nearly 0.5 at 4. 8 microns. These findings indicate the IR imaging should be
confined to wavelengths greater than 3 microns. However a difficulty arises. At wave-
lengths greater than 3 microns the spectral selective detectors yield very little cutput. This
situation is further made worse by the substantial 002 absorption bard at 3.5 e A full
sigral-noise analysis may negate the use of 3. 2 g 3. 7u band 1, which is considered the best
in the IR. The alternatives are the 2. 8“ -3.0 “band and the band between 1. OM and 1. 25u .
Any of the detectors listed in either the 0.6 - 2,0 micron or the 1-5 micron band can be
used. Obviously the one with the best noise figure and appropriate frequency response

would be chosen.
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3.5.4.2 Narrow Band Selections for Constituent Discrimination

It will be assumed throughout this section that the cbjective is to discriminate between as

many of the scene constituents as is possible.

The degree of difficulty of discriminating the constituents against one another depends primar-
ily on the variation of their reflectivity as a function of wavelength. With reference to Figure
3-12 it can be seen that Silica, Basalt and Limonite present the least d. :ulty; Rhyolite,
Dunite and Lichen the greatest difficulty. The spectral location of the best bands to choose
for discrimination can be found by careful examination of the sensor output and modulation
curves. It is essential to use both sets of curves because in certain spectral bands the
amplitude of the scene modulation dces not indicate uniquely the degree of difference in the

constituent outputs.

In the visible and near infrared bands (0.4-1.1 micron) the following bands are excluded on
the grounds that they contain two or more outputs that are within 5% of each other. These

bands are:
0.454 -0.564 ; 0.624 - 0.664 ; 0.784 - 0.96 4 .

The useable bands are therefore:

Up To .45 ; 0.56 - 0.634; 0.66 - 0.78u; 0.96 - 1.1 .
The best band for discrimination is the band up to 0. 45 microns, the next twu being 0. 66 -
0.78 microns and 0.96 - 1.1 microns and the last 0.56 - 0.63 microns. The selection
of the 0.56 - 0. 63 as the least desirable band appears to be paradoxical in relation to its
higher average modulation (C.47); however this high figure is priwaarily due to the low value

of the Lichen reflectivity, and it can be seen that the sepa:ation of the Dunite, Limonite and

Rhyolite outputs in this band will present difficulties.
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Employing the same technique to the IR part of the spectrum the following bands may not

be used:

1.5 - 1. 25 microns; 1.6 - 3.2 microns: 3.7 - 3.9 microns; 4.2 - 4.7 microns

The same uncertainty with the signal to noise ratio exists at wavelength greater than 3

microns. However, the suggested bands for discrimination are:

1-1.1g. 1.3 -1.5 microns; 3.2 - 3.7 microns; 4. 7 microns +

3.6 CONCLUSIONS

A simple examination of the results shows that in order to acquire maximum scene contrast
with an imaging system a considerable knowledge of the spectral characteri tics must be
available. The exclusion of a constituent in the test scene could alter the scene modulations
completely and could also alter the spectral locations of the optimum bands. Several factors
which could not be considered for this small study, are known to significantly affect the con-
trast of any real scene. These factors are the variation in constituent reflectivity (for ex~
ample as a function of particle size) and the noise intorduced by the optical transducer. The
latter can be included theoretically without difficulty; the former must be acquired through

experimentation.

With the very simple scene considered the modulation technique proved to be a valuable con-
cept in evaluation of the relative merit of broad band detectors. More will be said on this

point in the section dealing with the film experiment.

The modulation concept was found to be a less powerful technique in the narrow band. Al-
though the analysis of the narrow band outputs was aided by the availability of the modulation
plots, the latter as a result of the averaging process, led to ambiguous results in some cases.
(An interesting feature of the narrow band modulations, however, may be their dependance

on the shape and width of the narrow band filter. This property may prove to be a valuable

criteria for choosingthe optimum filter. ) Inthis study ' perfect' filters were considered. However
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in view of the apparant importance of the filter shape ,a foreseeable development of the
technique is in the evaluation of the manufactured filter and its inherent defects,such as
broadband breakthrough and sideband breakthrough. Defects in manufactured filters are
usually present in varying degrees and the transmission of unwanted radiant-energy can
obviously degrade the system performance, and the modulation technique may prove to be a

rapid means of evaluating the magnitude of the degradation,

The computer simulation of the detector output has proved to be a rapid and less expensive
alternative to an experiment to find the optimum band for high contrast rendition. It would
have proved time consuming and expensive to experimentally investigate the filter and detecto:
constituents as accomplished by the computer on the same scale of thoroughness. Ultimately
recourse to an experiment is always needed and the early phases of that stage are described

in a later section.

The final conclusion is that the technique and the results obtained in this study are well
worth developing to a further stage of sophistication in the areas to be outlined presently,

so that in future years,when more accurate estimaies of the surface constituents of Mars are
availabie, the optimum imaging system can be designed to suit the spectral characteristics

of these constituents.
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SECTION 4
PHOTOGRAPHY AND DENSITOMETRIC ANALYSIS OF A TEST SCENE

4.1 DESCRIPTION OF SPECIMEN AND TEST SCENE

Two sediments, four rocks, and one plant were selected for the photography. The photo-
graphic scene consisted of a shallow wood tray, about 30 x 40 inches, on which were arranged
five specimens agaiust two different granular background materials (Figure 4-1). The
materials are described elsewhere in this section. The Silica Sand and Limonite were spread
on the tray so that each covered one-half of thc surface, but with a six-inch interlocking
pattern along the centerline of the tray. This permitted the five specimens to be arranged so
that each of them overlapped both background materials. The advantage of this disposition

is that a single densitometer scan down the centerline of the negative image will provide
direct contrast between the specimens and each of the background materials, tne latter
serving as a form of rough calibration. Control of exposures was provided by use of a

Kodak Gray Scale and a Kodak Color Control Patch, laid on the sand and parallel to the long
axis of the tray. Some effort was made to eliminate harsh shadows around the specimens

by banking the sand to smooth the contacts.

4.1.1 SAND

A commercial building sand was obtained from coastal plain deposits at Millville, in Southern
New Jersey. The sand is very light buff, almost white, pocrly sorted, with about 25 percent
passing a standard 40 mesh sieve. Since the relatively small amount of dark mincrals,
consisting of biotite, hornblende, magnetite, and others, passed the 40 mesh sieve, only the
lighter fraction retained on the sieve was used. This consisted primarily of quartz grains,

many of them frosted, with small amounts of feldspar.

4,1.2 LIMONITE

Limonite was purchased from a pigment firm in Pitteburg, Pennsylvania, and is reported to
come from deposits in that vicinity. It is commercially pulverized and screened to a particle
size of less than 5 microns. As used, however, the limonite had absorbed enough moisture

to produce sma.l balls, The limonite is a brilliant brownish yeliow, It is assumed that the
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bulk of the limonite is hydrated iron oxide, although it may include some goethite and

hematite.
4,1.3 ROCKS

4.1.3.1 Basalt

The basalt used in this study was fine-grained blue-gray Trizssic lava flow from a quarry
at Chimney Rock, near New Brunswick, New Jersey. This rock is over 170 million years
old, and is deeply weathered along the many fractures that cut it, but fresh surfaces are
readily obtained from semples taken at the present quarry floor. No significant recrystal-
lization of this rock has taken place, and its exact minerology will not be known until the
petrographic slides are studied. It appears under examination with a hand lens that some

olivine is present.

4.1.3.2 Bhyolite

This felsitic rock from Colorado was obtained from Ward's Natural Science Establishment.
TUinfortunately, only small pieces were available, so that several had to be used side by
side in the photographic tray. The rock is dusty pink to coral, almost entirely felsitic

groundmass, with a few small phenocrysts of quartz and orthoclase.

4.1.3.3 Granite
A coarse reddish granite from Barre, Vermont, was obtained from a monument firm in
Philadelphia. It is almost a typical example of this rock, with fresh orthoclase,plagioclase,

quartz, and biotite as the principal constituents.

4.1.3.4 Dunite

This rock from North Carolina was obtained from Ward's Natural Science Establishment.

It was, unfortunately, also avaiiable only in small pieces. It is grar ilar, like sugar, and

breaks readily into its constituent olivine grains. The color ranges from light to medium
green, but with a characteristic olive cast. Accessory minerals, probably magnetite or

chromite, or both, occur in minute grains disseminated throughout the rock.
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4.1.4 LICHEN

There are numerous species of lichen. Some of this material collected in Nova Scotia in
1968 dried out before it could be used. Ancther variety was substituted from Houston, Texas,
this was the so-called "Spanish Moss' which grows abundantly as a parasite on trees in the

Southern United States.

4.2 DESCRIPTION OF PHOTOGRAPHIC EQUIPMENT

The equipment used for photographing the samples consisted of three tmas of films, two
cameras, and five filters. Exposures were made at several apertures .: Jd times with each
camera-filter-film combination in order to obtain as wide a latitude as possible in contrast.
A Series V Kodak Gray Scale and a standard Kodak Color Control Patches card were included

in each scene.

4.2.1 FILMS

Table 4-1 shows the pertinent characteristics of films used. Plus X has good resolution at
a fairly high speed, is readily available, and can be developed to produce various gammas.
Ektachrome X is a fast film with good color reproduction and resclution. The emulsion on
spectroscopic plate type T-Z has the greatest extended spectral response in the infrared is
shown in Figures 3-5 and 3-6 and compared to Plus X. This film must be ordered specially

because it is not kept in stock.

4.2.2 CAMERAS

A Crown Graphic camera manufactured by Graflex was used for the klack and white and IR
plates. It has an extendable bellows and a fixed ground glass which makes it excellent for
focussing at close range. The Symmar lens by Schneider-Kreuzach is £/5.6 at 100 mm
focal length. Exposures were taken usually at f/8 which is that giving maximum resolving

power.

A Honeywell Pentax 35 mm single lens reflex camera was used for the color shots. The
Super-Takumar lens by Asahi Optical Co. is f/1.8 at 55 mm focal length. Exposures were
taken usually at small apertures (£/11 to £/22) in order to limit the exposure.

4-3
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TABLE 4-1. FILM CHARACTERISTICS

Class Type Spsed (ASA) De seloper Size
Black & White Plus X 125 Versamat 60 x 70 mm
120 (HC 110)
Color Ektachrcme 64 Process 35 mm
X E-3
Infrared Spectroscopic - D-19 4" x 5"
Plate 1-2 4 min
TABLE 4-2. FILTERS
Filter A eft Designation
U 3600 A 9862 Corning
B 4200 5030 Corning
GG13, 2 mm Schott
Vv 5:00 3384 Corning
R 7000 BG-21 2 mm Schott
BG-17 1 mm Schott
I 8600 88A gelatin Wratten
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1.2.3 FILTERS
Table 4-2 shows the filters used and Figure 4-3 their spectral r~sponse. The filter nomen-
clature is that of the UBV System as known by astronomers. Their characteristics are

given by H. L. Johnson in "Basic Astronomical Data" edited by K. A. Strand.

1.2.4 FEXPERIMENTAL ARRANGEMENT

The equibment was oriented to procduce photographs at fiirec nominal crientations. The
actual angles are given in Table 4-3. The sample tray was tilted towaxds the sim as far as
possible without exceeding the angle of repose of the rocks and sand. The camera was held

with a crane 75" above the samples with a minimum of shadow interferencc.

TABLE 4-3. POSITIONS

Angle of Incidence Camera Angle Camera Angle

of Solar Padiation (tc Sample) to Sun
Nominal 0 0 ) 0
Actual 12 6 6
Nominal 45 45 0
Actuzl 48 -2 6
Nominral 45 45 90
Actual 48 45 93

4.2.5 DENSITOMETRY

Transmission of the film cad plates was measured on 2 Joyce loebl Mark ITI B double beam
rzcording microdensitometer upgraded with a high intensity light source. The slit size was
adjusted to produce a smooth record from the individual sawnples which means that inhomo-

geacities were not .csolved. A calibration was made with the gray scale to ac tust all

rzcords tc 4 co.nmon base.
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By dividing the density reading of the background by that of the various samples relative

contrasts were obtained. These ratios were compared with the computed values.

4.3 DISCUSSION OF THE DENSITOMETRIC TEST

4.3.1 DENSITOMETER RESULTS

A Joyce Loebl dual beam densitometer was used to measure the relative densiti_es of the est
scene recorded on Plus X and I - Z plate respectively. A seciion of the negative contaimng
the constituents was scanned; the densitometer outputs measured during these scans are
shown in Figures 4-4 to 4-8. The filters that were used in the experiment are shown in
Figure 4-3. Across each scan can be seen a reference signal obtained from a step-wedg
calibrator. The latter was used to devise the equivalent linear outputs for each of the
constituents. These outputs were then used to form the scene and discrimination modulation
functions described in Section 3. The modulation functions obtained for both the Plus X and
Z film are shown in Tables 4-4 and 4-5. »

Confirmation through Figures 4--4 to 4-6 of the modulation values is difficult with the Plus X

data owing to the changing density scale but the task is much easies with the I - Z results;
the increased modulation resulting from the use of the 'I' as opposed to 'R’ filter is -
cizarly demonstrated in the outputs in Figures 4-7 and 4-8. The corresponding moduation
values that are calculated are the averages of all possible arrangements of the scene and
are better guides to the effectiveness of the filter than the figures desired for the particular

constituent arrangement in the test scene.
4.3.2 COMPARISON OF COMPUTER AND EXPERIMENTAL RESULTS

The filln responses can be used to calculate the relative outputs for the response - filter
combinations. However such a comparison was found to be difficult because inspection cf
the colour photographs and the reflectivities used in the computer program (Figure 3-12)
shows that the reflectivities used in the program differ somewhat from those used iu the
experiment.

4-6
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Constituent
Filter Scene RHY LIM DUN BAS SIL LIC
None 0.27 0.23 0.19 0.19 0.22 0.45 0.34
'B' 0.26 0.22 0.35 0.19 0.19 0.38 0.23
"’ 0.29 0.20 0.25 0.20 0.28 0.43 0.35
'R! 0.30 0.20 0.20 0.21 0.25 0.53 0.39

TABLE 4-5. 1Z FILM MODULATIONS

Constituent
Filter Scene RHY LIM DUN BAS SIL . LIC
'R’ 0.16 0.11 0.12 0.11 0.14 0.35 0.17
I 0.24 0.18 0.24 0.28 0.2% 0.35 0.18
-— "— ——— o~ P q—l—w——:;::‘- - o
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Two examples demonstrate the point clearly: Figure 3-12 shows that lichen is essentially
black in the visible and the reflectivity of basalt differing only 19% or so from silica.

The gray scale in the photograph shows clearly that parts of the lichen have such a high
reflectivity that the average reflectivity is considerably greater than the 2 - 4% used in the
computer program. The reverse is true of the Basalt sample; this is a large specimen

with a reflectivity of the order of 20% and has a definite greenish tinge that can be seen in
the color print. For these reasons the comparison between computer output and the experi-

ment were not made directly.
4.3.3 FILM EXPERIMENT - CONCLUSION

The results of that modulation analysis when applied to the film experiment verify semi-
quantitatively the results obtained in the experiment. They show in addition the need for
a more closely coupled computer -~ experiment comparison though the use of reflectivities
in the computer program experimentally obtained from the constituents used in the film
experiment.
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FIGURE 4-1 CONSTITUENTS IN TEST SCENE
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SECTION 5
THE ASSIGNMENT OF GRAY LEVELS

The objcctive in using m'tispectral techniques is tc enhance the dis’ uguishability of items
within a scene by increasing the contrast difference between them and their surrounds. This

implies that fewer gray levels are needed to distinguish the desire” constituents of the scene.

5.1 FACTORS INFLUENCING THE SCENF CONTRAST

Experimentally a scene consisting of the same constituents is found to display varying con-

trast qu uities on successive imaging for several reasons.

Firstly the illunination of the scene can vary ..gnificantly; the sun angle varies throughoui-
the day, aund since most materials have directicnal reflectivies, the effective radiance of the
surface in the disection of the sensor can alter significantly. A further complication is
introduced to the relative spectral radiance of a planetary surface owing to the selective
scattering preperties of the surrounding gareous atmosphere. This can cause the irradiance
to be Ciffuse in one band and essentially plane parallel in another. This pkenomenon together
with the directional properties of the constituent reflecting power causes significant variations
in the effective spectral surface radiance. Another variation in spectral reflectivity is caused
by the differing surfuce forms a constituent can assume. The surface constituents are cun-
posed of mineral forms that extend from large ro.k structures to minute particles of less

than 100 microns diameter. The spectral reflectivity of the same rock alters significantly K
with particle size, (Ref. 47), in magnitude and as a function of wavelength. These statements
orieily give the situation as it is under real imaging conditions; the scope of this study only
peri:its the spectral rariations to be taken into account, conseguentlv the results ot this

sectio1 have a limited applicability.

5.2 GRAY LEVELS FOR THE SAMPLE SCENE

The data accrued in section 3.0 will be used to define the gray level requirements in this
scction. The requirements £ :mselves will vary considerably from scene to scene. Teature-

less desert scenes, tor example, are expected to have very low contrest and hence a con-
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centration of gray levels of smali separation may be more apprepriate than the same number
of equally spaced levels about a large signal range. The terms 'minimum' and 'optimum'
gray levels are likewise a function of a particular scene and cannot be associated with any
fixed value that describes a general scene. For exaiaple the point radiance of a wide range
of scenes has been examined by Jones and Conduit (Ref. 48 and 49), the aversge terrestial
natural scene has a contrast ratio (integrated over the visibie band) of 160 the lowest value
recorded was about 25, and the highest §00-900. !f a narrow band photometric device had
been used instead of a broad band instrument the results would have differed from band to
baund.

The scene under examinaticn in this study is composed of rock samples of various forms

and according to Jones and Conduits criteria, the scene would be described as being without
high contrast features. Table 5-1 below lists the bands that give the greatest contrast for
the test scene. The outputs in the table listed against the constituent are proportional to the
sensor outputs as before and in some cases have been multiplied by a numerical factor

(102 or 103) for convenience of presentation. The data refers to narrow bands that are,

for wavelength less than 1.1 microns, 150 AO wide at half peak tranemission and 300 Ao at
the 1 per cent transmission points. In the infrared bands the filters are three times broader
i . 450 A® wide at 50% peak transmission and $00 A wide at 1% transmission.

5.3 GRAY LEVEL DETERMINATION
A very elementary treatment will be given here in determining the levels owing to the simple

axsumptions that have beecn made in the derivation of the constituent outputs; these are the

exclusion of sensor noise and variation of constituent reflectivities.

The following procedure will be adopted; the maximum output will be divided by the smallest
sensor output difference between two constituents. This will result in a non-binary number;
the interval may be adjusted if it is necessary in order to separate constituents and then the

full range of the gray scale will be extended up to the next complete binary number.

5-2
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The first band (1) will be given as an example:

Max Output = 14.4

Minimum Difference = 0.7

Min. Number of Levels = 14.4=21
0.7

Therefore complete constituent separation can be obtained with 32 gray leveis of interval
0.5, 0.6 or 0.7. By having invsriant outputs an unusual situation exist because it is
possible in this particular case to have only 16 gray levels which can be separated by 0.9
or 1.0 output units, still achieving each constituent in a separate gray level. The following

gray levels have been determined in the same manner.

Band II. 128 at 0.5 Band IIl. 32 at 1.4
64 at 1.0

Band IV. 32 at 0.2 Band 1V. 16 at 0.3

Band VI. 32 at 0.3

It is clear from the above that the separation of 6 constituents requires a considerable number
of gray levels. Even more would be required by broader bands or sensors used without filter

bands.

To reduce the number of gray levels for similar scenes that have low contrast, there are

two alternatives:
1. Reduce the number of constituents that require identification
2. Introduce logical circuiting that can simultaneously sample the outputs from

several bands and discriminate.

The latter technique does not necescarily require the bands used for optimum contrast,

although retaining these bands will probably make logic circuitry less sophisticated.

5-3




'TABLE 5-1
OPTIMUM BANDS

BAND NUMBERS —3 1 1 m

DETECTOR — S11 Silicon Silicon

BAND CENTER ——3 0.425 ), 0.595 u 0.715 4

CONSTITUGENT 0. P. NO.P. O.P. N.O.P. 0. P. N.O.P
SIL 14.4 1 SIL 38.4 1 SIL 40.1 1
BAS 12.4 0.36 BAS 28.3 0.735 BAS 27.0 0.67
DUN 5.1 0.35 RHY 16.2 0.42 LIM 18.7 0.46
RHY 4.4 0.33 DUN 15.7  0.408 RHY 16.5 0.41
LIM 2.6 0.18 LIM ity 0.32 DUN 13.1 0.366
LIC 0.3 0.02 LIC A 0,12 LIC 6.7 0.167

BAND NUMBERS ~8= IV \' VI

DETECTOR -~ Silicon PbS/FLAKE PbS

BAND CENTER =% 1.035 1.3u 3.29u

CONST{'rUENT 0.P. N.O.P. OP, N.O.P. 0.P. N.O.P.
SIL 5.98 1 SIL 4.38 1 SIL 7.86 1
BAS 3.42 0.57 LIM 3.20 0.73 BAS 6.08 0.72
LIM 2.63 0.44 BAS 2.4 0.54 LIC 3.21 0.41
RHY 2.19 0.36 RHY 1.6 0.36 RHY 1.77 0.22
LIC 1.86 0.31 LIC 1.3 0.3 DUN 1.40 0.18
DUN 0.98 0.16 DUN .9 0.2 LIM 0.82 0.10

O.P. - SENSOR OUTPUT

N.O.P. - NORMALIZED SENSOR OUTPUT,

5-4
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TABLE 5-2(A).
RELATIVE POSITION OF THE OUTPUTS

BAND NUMBER
CONSTITUENT 1 I I v v VI
SIL 1 1 1 1 1 1
BAS 2 2 2 Z 3 2
DUN 3 4 5 6 6 5
RHY 4 3 4 4 4 4
LIM 5 5 3 3 2 6
LIC 6 8 6 5 5 3
TABLE 5-2(B).
BINARY LEVELS OF THE OUTPUTS (1 LEVEL = 0. 15 UNITS)
BAND NUMBER
CONSTITUENT I n I v v VI
SIL 8 8 8 8 8 8
BAS 7 6 6 5 5 6
DUN 3 4 4 4 2 2
RHY 3 4 4 3 3 2
LIM 2 3 4 4 6 1
LIC 1 1 2 2 3 4
“\
N/
4 3 f
\\ /i
i/
i ]
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In,  Table 5-2 the constituent relative outputs have been normalized so that the greatest
output in each band is 1. The normalized outputs are shown in column N of Table 5-1.
These normalized outputs are then assumed to be divided into eight gray levels of magnitude
0.125 each. Table 5-2B is the gray level representation of Table 5-2A which was obtained
by equating a normalized value of 0.875-1.0 to be 8 etc., down to the first gray level in the
range 0-0.125. Since we have six constituents we wish to identify uniquely, the minimum
number of bands required is 2. Possible pairs uniquely identifying the six constituents are
I&IOL, 1&V. H&III 1I&V II1&V V&VI. In each of these band pairs a total of only 16 gray
levels are required to separate the six constituents uniquely. In practice more would be

required, but the technique clearly nas the potential of saving bits required for gray levels.

One of the most attractive features of the technique is that it digitizes the normalized, and
not the absolute, values of the sensor outputs. This has the merit of being independant of
the absolute value of the radiance of the constituents, so that those in shadow or those high-

lighted are still recognized if their ratio is independant of the illumination level.

5.4 GRAY LEVEL SELECTION-SUMMARY

The requirements for gray level selection fall into one of two distinct categories:

1. Those associated with imaging a scene without identifying the constituents of the
scene.

2. Those specifically aimed at identifying scene constituents.

In the first category as many levels of gray as possible are required to render observable
subtle changes of irradiance that result from shadowing etc. that are independant of color
content and yield particularly valuable topographical information. The selective detectox-
multiband approach cannot affect the number of gray levels required in this context; it can
however render more noticable,by virtue of color content, the scene contrast arising from
differences in the spectral qualities of the constituents. Thus if it is clear from the topo-
graphical viewpoint that two contrasting areas of the scene are similarly illuminated, then

5-6 ;
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a high probability exists that they are of a digsimilar natere. In choosing the sensor-band
combination, the optical properties of the scene must be known in order to select tne
appropriate combination. If an incorrect combination of bands and sensors is selected

some useful information may be lost but contraut changes occurring as a result of illumination

changes will still be retained.

In the second category, the gray levels are selected purely on the basis of discrimination,
the prime objective being to selectively identify the presence of the constituents only. In
this case there is no attempt to record subtlz changes in contrast resulting from variation

in illumination; in fact the ideal system must work independently of illumination levels.

The findings of this study are that in the latter category a very considerable saving in
required gray levels can be made. In the former category the number of gray levels required
in a scene are more dependent on topographical requirements; however, the use of multi-
spectral bands increases the information obtained from a given number of gray levels. In

both cases knowledge of the reflective properties of the scene constituents is imperative.
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SECTION 6
ON-BOARD DATA PROCESSING

The multispectral sensor outputs are analog signals over a finite time interval Ts' Theo-
retically, they can be transmitted to the earth via an analog telemetry link in real time or
recorded on an analog recorder for later analog transmission; however, it is expected that
power and channel limitations will make this method infeasible. Instead, a digital (PCM or
delta modulation) telemetry system will be used to transmit the sensor data. The amount

of data Dt which can be returned to the earth during one transmission is given by
Dt = ethTt {6-1)
where

e t = fraction of telemetry bits used for data

Rt = telemetry bit rate

'1‘t = transmission time

Therefore, for a digital telemetry system, an on-board processor is required to extract

Dt bits of information from the sensor signals during the time interval Ty A general block
diagram of the processor is shown in Figure 6-1. The source encoder transforms the N
sensor signals Si(t) into M digital source signals Si (N may or may not equal M). The
channel encoder transforms the M digital source signals into one digital output signal 0 at
rate eth. The output signal is then telemetered to the earth by the telemetry system. After
detection by the earth receiver, the output bit stream is processed to recover the data about

the sensor signals.

A simple processor is shown in Figure 6~-2. The source encoder consists of N samplers
and quantizers, one for each sensor signal. The sampling rate r, of the i-th sampler
equals the number Mi of resolution cells of the i-th sensor divided by the signal duration

TS. ‘The i-th quantizer divides the maximum amplitude excursion Asi of the samples
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into q, intervals, each designated by a binary number of Li = [log,,qi] digits, where [.)
means the next greatest interger, i.e.,[n - €=n, 1 aninteger, 0< €<1. (See Figure 6-3).
The channel encoder commutates and addresses the outputs from the quantizers to form a

single binary data stream. If

N
= > 6-2)
RS -Z r.L, eth (6-2)
i=1
then data from the source encoder cnters the channel encoder at a faster rate thar it 'eaves,
so that storage is required to prevent loss of data. This is indicated by the dashed lines of

the storage block in Figure 6-2. Clearly, the amount of data DS leaving the source encoder

in Figure 6-2 is given by

N
D = T r.L, (6-3)
s . sii
i=1
N
= L ML, (6-4)
i1 ii

But DS must equal Dt if no bits are to be lost in the channel encoder. Therefore, given a
value for Dt determined by the telemetry system, the Mi and Li are constrained by Equation
(6-4). If it is assumed that Mi = Ms’ all i, MS chosen arbitrarily, then for the system in
Figure €-2,

o
i
=2

‘™z
-

(6-5)

determines the number of quantization levels q; = 2Li. For identical sensor outputs, Li =L

[~

all i, so that
Dt
LMW (6-6)
S
6-2
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Unfortunately, the quantization rule given by Equation (6-6) is expected to be unsatisfactory
for the following reason. The quality of the reconstructed sensor signal cn the earth is

proportional to its signal-to-noise ratio SNRr given by

SNR_ = (6-7)

where subscript s refers to sensor
1 refers to link
e refers to electronics

q refers to quantization

and
2L e
SNRq =122 ) (equal quantization levels) (6-8)
is the peak-signal-to-mean-squared-noise power ratio for a uniform signal distribution and

equal quantization levels. Thus, the quantization introduces a degradation into the overall

quality of the reconstructed sigral. Combining all non-quantizing error sources into a

single SNRanalog yields
vy = 1 -
SN;.r T T 6-9)
* L
NRanalog 12(27)

Equation (6-9) is plotted in Figure 6-4 for various values of L. To prevent the syster
performance from being quantization-ncise-limited, a good rule, to be called Rule 1, is to
make the quantization noise at least 10 dB below the remaining noise, which represents

us’ . .. smallest possible L which yields an operating point on the unity-slope portion of
1.zure 5- Let Ls' be the value of L for the sensor outputs given by Rule 1. Let Ls = Dt/ MSN
be the value of L given by Equation (6-6). Assume Lé > I's' Then if Ls is used in the

6-3




design of Figure (6-2), excessive degradation of the sensor data will occur. But if LS' is

used, then
Dt D
t >—-— T et - 0
Ls TN where LS MSN (6-10)
or
’ L' = > |
NMSIS Ds Dt (6 )

i.e., the telemetry system capacity will be exceeded.

Obviously, the processor in Figure 6-2 cannot be used if relation (6-11) is true. Either the
source encoder must be modified unti! Ds = Dt’ or the channel encoder must be modified so
that it reduces the source data by the ratio Ds/ Dt’ or both source encoder and channel encoder
must be modified so that the final output data quantity equals Dt' Clearly, the type of
processor required will depend on the value of D,, the number of sensors N, and the number of
resolution cells Ms' Section 6.1 contains descrinticns and analyses of several source
encoding schemes to reduce ]JS while obtaining satisfactory sensor data. Section 6.2 con-
tains a description of a channel encoder scheme to remove redundancy from the source data

bits and thereby compress the total data bits by .he ratio DS/ Dt'

The systems in sections 6.1 and 6.2 are feasible from an implementation pnint of view.
With the exception of a signal-to-noise-power meter for the spectral sensors mentioned in
Section 6.1.1, all the equipment required exists in one form or anothor. Finally, for the
input and output data rates expected, current logic speed of 107 bps and core gtorage access

time of 1 us will be adequate.

It was mentioned previously that if the rate of source data accumulaticn RS was greater than
the channel encoder data transfer rate eth, then storage would be required to prevent loss

of data bits. Assuming that data read-out overlaps data read-in in the channel encoder,

6~4
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then the minimum storage Mmin required is given by

Mmin = Ts (RS - eth) bits (6-12A)
It is possible that all the source data must be stored for later playback. In this case, the

maximum storage Mmax will be required, i.e.,
M__ =D bits (6-12B)

In order to determine the effectiveness of the schemes which follow versus their cost,
further study of the expected nature of the sensor signals should be dore. It is possible
that macre than one method of data processing can be implemented for one mission, thereby
increasing the flexibility of the system and the prot .ilitv of obtaining satisfactory data.

Section 6.3 discusses this concept further.

6.1 SOURCEFE ENCODING SCHEMES

6.1.1 ADAPTIVE QUANTIZATION SCHEMES

6.1.1.1 Continuous Grey Level Control

Equations \6-7) through (6-9) and Figure 6-4 sugg.st one method to reduce the number of
quantization bits required. Rearranging Equation (6-7) vields

1
SNR_ = = - N (6-13)

-

2
S\NR SNR_ 12(2 L)

where



It is expected that SR, will vary sicwly over a small range throughout the mission lifetime.

f
However, S\IRS. due to the sensor. may varv over a relatively large range throughout each
period TS o. sensor data. If L is chosen in Equation (6-13) to satisfy Rule 1 for the maximum

value of SNRs and the given value uf SNR_, then when SNRs is below its maximum value, L

is greater than required to satisfy Rule lf, i.e., it provides greater quantzation accuracy
than required. An adaptive scheme to overcome this inefficiency is shown in Figure 6-5.
Each sensor signal is first quantized into a bits to satisfy Rule 1 for the peak SNRS (plus
some margin) expected. The output of the quantizer is transferred to a buffer. At the same
time, the signal-to-noise ratio SNRsi of the i-th analog sensor signal is determined and fed
into the bit control logic. On the basis of Figure 6-4, the bit control logic determines the
number of bits m, required to satisfy Rule 1. The buffer discards the (n - mi) least
significant bit- of the quantized sample and transfers the m, significant bits to the channel

encoder buffer. The channel enccder inserts address words and commutates the variable-

length data words from the N sensors into one output bit stream.

There are several problems with such a scheme. First, examining Equation (6-13), if the

quality of the communication link and electronics is so poor that SNRf <10 SNRs always, then

fluctuations in SNRs will not effect the number of quantization bits, which will remain
constant, required to satisfy Rule 1, i.e., under the condition of low SNRf, the scheme of
Figure 6-5 will be no better than that of Figure 6-2. Second, even if SNRf > lQ SNRS, [0

that the scheme of Figure 6-5 may operate adaptively as desired, it is difficult to predict

the actual quantity of data Ds which the source encoder will generate because it depends on

the values of SNRS for each sensor throughout the data collection interval Ts. Third, the
length of the source data words into the channel encoder varies in time; this increases the
complexity of the channel encoder and could decrease the fractior et of the channel encoder
output bit stream allocated to sensor data, depending upon the addressing scheme implemented.

6.1.1.2 Continuous Grey Level Reallocation

A scheme which overcomes these problems while maintaining some of the adaptability of

scheme in Figure 6-5 is shown in Figure 6-6. Now N quantizers are provided with a fixed

1 .
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number of quantization bits Li' i=1, 2, ... N, chosen so that DS = Dt’ i.e.,
N
= -14
Dt i§1 MiLi (6-14)

where Mi is the number of resolution cells of the i-th sensor output. Assume with no loss
of generality that L1 2 L2 2 L3 2 ... 2 LN' To prevent a contradiction of Rule 1, (note
that Rule 1 may not necessarily be satisfied, however) the sensor with the highest SNR si
should be quantized into L1 bits, the sensor with the next highest SNRsiquantized into L2
bits, and so on (Rule 2}. This is performed by the switching matrix which consists of

( g)comparabor circuits to rank the SNRSi in order, and switches to connect the sampled
sensor signals and the quantizers according to Rule 2. The output of each quantizer is now
a fixed-length data word at the sampling rate. The switching matrix also puts out a data
word consisiing of N [ log N ] bits which tells the order of the SNRsi' This word is present
only after some change in the existing order. The channel encoder time-multiplexes the

quantized sensor data and the occasional switching matrix word to form the output bit stream.

The scheme of Figure 6-6 represents a potential data compression C over the scheme of

Figure 6-2 by the ratio

N
c=NLS/[ z Li) + mN []ogN]] {6-15)
i=1

where m is the number of times the switching matrix puts out an SNRsi order word- If m
gets too large, this ratio will be less than one, indicating that data expansion, rather than
data compression has occurred. It is expected the individual SNRsi will remaia relatively

constant so that m will be small and C as large as described.

The possible penaity of the scheme in Figure 6-6 is that quantization may introduce more
noise into the reconstructed sirmai than is permissible under Rule 1. For example, although

Rule 2 may be satisfied, the SNA(si of the i-th sensor may require more quantization bits




Wy -

than available from the quantizer assigned to it by Rule 2. Therefore, for uniformly high

SNRS; in all channels the scheme of Figure 6-6 may be unsatisfactory.

6.1.1.3 SNR Meter Design

The SNR meters indicated in Figures 6-5 and 6-6 are obviously not off-the-shelf hardware.

However, the nature of the signals to be measured may make their design feasible within the

required time period.

»

To understand the problem, consider the output signal Si(t) from the i-th sensor. It can be

‘”v— ﬁu‘

expressed by
Si(t) = di(t) + niv(t) + nic(t) (6-16)

where

bommd  fweed e

di(t) = desired signal

bom o

n;v(t) = variable component of undesired signal (nc:se)

nic(t) = constant component of noise (in a statistical sense)

The variable noise will be proportional to the desired signal si» e it is caused by optical

r: saer than electrical effects; i.e.,
niv(t) = kdi(t) (6-17)

The SNRsi is given by

4,
SNR . = (6-18)

S1
(ORE (t)z

6-8
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= (6-19)

since di(t) and nic(t) are independent. But k and nic(t)z can be determined before the

mission. Therefore, Figure 6-7 shows a possible implementation of the SNR meter.

6.1.1.4 Reallocation of Grey Levels by Ground Command

The scheme of Figure 6-6 can be simplified with some loss of flexibility and further possible
degradation of the reconstructed sensor signals. Figure 6-8 shows the simplified system.
Instead of using the SNR meter outputs to control the switching matrix, the sensor-to-
quantizer connections are controlied via ground command. This obviates the need of the SNR
meters and the switching matrix word (although a command verification word for the ground
switching is desirable). Although Rule 2 may now be violated during one sensor signal
interval TS, if more than one interval is used to observe the same scene, then analysis of
the reconstructed sensor data from the previous interval can be used to apportion the

quantization bits properly for the next interval.

6.1.2 ADAPTIVE SIGNAL NORMALIZATION

The analysis in Sections 6.0 and 6.1.1 assumed that the sensor signal amplitude distribution
was equally likely (uniform) over the entire range from zero to some peak value Ag;. In

that case, increasing Ag; by amplification without increasing L; would be equivalent to in-
creasing the brightness of the reconstructed sensor signal without affecting its contrast,
which is the important quantity. Therefore, the value of Agj was unimportant to conceptual
design in Section 6.1.1. However, it is possible that the actual sensor signal amaplitude
distribution will be centered about a narrow range within 0 to Agj. In this case Equation (6-8)

does not accurately describe the quantization effect on the reconstructed signal.
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Assume, for example, that the signal is the sum of a constant (d.c. term) plus a sine wave
of amplitude slightly less than Asi/ZL i 1, which is 1/2 the quantization fineness. Further
assume that the constant represents the center of some quantization aperture, i.e., has the
value Asi(k + 1/2)/2L. Then the output of a uniform level quantizer such as in Sections 6.0
and 6.1.1 is a constant word, indicating that the presence of the sinusoid will go completely

undetected when the data signal is reconstructed.

This loss of resolution effect can be overcome to some degree by the scheme in Figure 6-9.
The output of each sensor is fed into an amplifier of variable gain. The variation in gain is
such to amplify the active or most important ranges of signal amplitude and compress the
least active and uninteresting ranges. Thus, the quantization of the amplifier output achieves

greater accuracy for the expanded signal regions than would be obtained without the amplifier.

The design of the amplifier is the critical consideration for this scheme. There are two

main categorics of possible design philosophies:

1. Linear gain, variable magnitude, automatically adaptive or controllable by ground
command.

[\]
.

Non-linear gain, variable or fixed gain function, variable or fixed magnitude,
automatically adaptive or controllable by ground command.

6.1.2.1 Linear Gain, Variable Magnitude

Figure 6-10 shows a general scheme to implement the first concept. The signal is monitored
to determine its peak amplitude Ap. Depending upon the value of the ratio Ap/ AS where AS

is the nominal signal range, the gain G of the amplifier is controlied so that GAp £ As'

Since G must be known on the ground to accurately reconstruct the signal, the usual method
employed is to allow two or four discrete amplifier gains Gi’ and use the Gi which causes
GiAp to be closest to but not exceeding AS. A datz word of [log2k] bits, where k is the
number of amplifier gains available, is transmitted whenever the gain being used changes.

The gain to be used can also be controlled via ground command as in Section 6.1.1.4.

6-10
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The reduction in data for the scheme of Figure 6-10 is given by

N
Z ML,
Dy i=t '} (6-20)
E

DS' N
[=El M, (L, - “°g2Gi ] ):l +n [1032(1()1

where

DS = data quantity without amplifiers

Ds' = data quantity with amplifiers

Mi = number of resolution ceils for i-th sensor
Li = number of quantization bits for i-th sensor
Gi = gain of amplifier for i-th sensor

n = number of amplifier change data words

k = number of allowable amplifier gains

With an equal number of resolution cells MS and quantization bits LS for each sensor,

Equation (6-20) reduces to

D, NL
- = 2 (6-21)
s N
Li‘fl (L, - [log,G. 1)} +n [10g2(1<)1 /MS

If n/ Ms is small, the second term in the denominator can be neglected and

D NL
S s

D' - N (6'22)

NL - Z ( [log,G. 1)
i=1
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Note that this scheme is very useful if there is much uncertainty about the expected sensor
signal amplitudes. AS can be made larger and/or LS made smaller than might be chosen
otherwise since the variable amplifiers will insure optimum use of the full signal ranges

in the quantizing schemes.

6.1.2.2 Non-Linear Gain, Variable Gain Function

It is possible that the sensor signal amplitude may vary over the entire range from 0 to AS,
however, it may vary in a more narrow range for a large proportion of the time. In this
case, the system of Section 6.1.2.1 will effect no improvement in data transfer efficiency,
however, a logarithmic type of amplifier characteristic can be implemented to give improve-
ment. Figure 6-11 shows the gain versus input amplitude of such an amplifier. The effect
of this gain characteristic on a signal is shown in Figure 6-12. Clearly, for a signal

which normally resides in a region near zero, such an amplifier will improve the accuracy
of a uniform quantization scheme. In fact, the overall effect of non-linear amplification
followed by uniform quantization is to produce a non-uniform quantization scheme tailored

to the type of signal shown in Figure 6-12a.

Care must be taken to stabilize the time- and temperature- dependent drifi of such an ampli-
fier to prevent the generation of significant error in the reconstructed sensor sig‘nal.
Sufficiently stable logarithmic amplifiers are now commercially available. Also, sufficient
frequency bandwidth must be provided to prevent attenuation of higher-frequency components

of the sensor signals.
6.1.3 VARIABLE SAMDPLING RATES

The analysis of Section 6 has thusfar assumed that the number of resolution cells MSi for

each sensor signal was a constant. The actual value chosen for Msi depends on the frequency
content of the power spectrum of the i-th sensor signal. From the Sampling Theorem, the
minimum number of resolution cells is given by 2fsTs, where fS is the highest frequency

component of interest in the sensor signal. Usually Msi must be at least 25% greater than

6-12
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theoretical due to equipment limitations. dJust as in Section 6.1, if Msi is chosen to satisfy
the sampling theorem (plus margin) for the maximum possible frequency, it will be
inefficient when the actual sensor signal bandwidth is below this. Therefore, by monitoring
the sensor signal frequency content (instead of the SNR), an adaptive sampling rate system
can be designed to provide the least resolution cells for the required reconstructed signal
quality on the earth. Figures 6-13 and 6-14 show possible schemes corresponding to
different levels of adaptability (just as in Figures 6-5 and 6-6). An implementation of the

"Frequency Content Monitor' is shown in Figure 6-15.

The data saving ratios in the schemes of Figures 6-13 and 6-14 are proportional to the

reduction in resolution cells from the sample system of Figure 6-2.
6.1.4 DIFFERENCE TECHNIQUE

Sections 6.1.1, 6.1.2, and 6. 1.3 have dealt with methods to transmit all individual sensor
signals to the earth. However, it is possible (but not scientifically desirable) that images
of the same scene taken in different spectral bands might have high spatial correlation,

yielding high correlation between the sensor signals. This would imply redundancy of

information in the individual sensor signals.
An easily implemented scheme to exploit this redundancy is shown in Figure 6-16 for three
sensor signals (N = 3). Instead of sampling, quantizing, and transmitting Sl(t), S 2(t), and

SS(t) individually, only Sl(t) is treated this way. In addition, S dz(t) and S d3(1:), where

Sd2(t) = Sz(t) - Sl(t) (6-23)

S =8 - -
130 = Sy 0 - S, (1) (6~24)
are processed for transmission in the usual fashion.

Transmitting S 1(t;) requires the same equipment as before. However, S 4 2(1:) and S dB(t) are

expected to vary much more slowly in time than Sz(t) and S3(t). Therefore, from the

6-13




sampling theorem, the rate of sampling, i.e., number of resolution cells, can be reduced
for these signals without degrading the reconstructed S dz(t) and S A 3(t) on the earth. Assuming
that S1 ), S d2(t), and S d3(t) are satisfactorily reconstructed, then trivially,

S, = 8,() + S, (1) (6-25)

S,(t) = Sl(t) + Sd3(t) (6-26)

The data saving available for such a scheme is proportional to the ratio of the total signal
bandwidth occupancy before and after processing in the difference circuits. For example, in
the commercial television system, it is possible to reduce three 4.5 MHz color channels into
channels of 4.5 MHz, 1.5 MHz, and .6 MHz by a difference technique, for an equivalent

data compression of 13.5/6.6 = 2.

6.1.5 SIGNATURE DETECTI'N

It is possible that none of the sche:nes in Sections 6.1.1, 6.1.2, ~ 1.3, and 6.1.4 will
reduce DS sufficiently. In this case a more fundamental approach to utilizing the available
transmitted data capacity Dt may be considered. Suppose that all the data bits Dt are
correctly received. This means that Dt questions having yes or no answers can be settled
by the observation. Thus, the on-board data processing scheme is an integral part of the
experiment, for it is clear the best experiment is the one that is designed to answer the Dt

most significant binary questions about the specimen under observation.

This point will be elaborated further: the Dt binary %uestions could be used to determine
(assuming perfect data) the presence or absence of 2 t specimens having different signatures.
Since an unfamiliar planet is under observation, it is probably not wise to exhaust all the
questions in this manner; rather, it seems to be more profitable to use the Dt bits to describe
the signature observed so that a large number of types of material can be compared. This
approach has the advantage in that it can be implemented to answer some questions that

arise after looking at the data as well as those that can be formulated in advance.

6-14
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The most straightforward way to apportion the 2Dt questions is as follows. Let the N sensor
outputs at a particular time instant be represented by a point in a N-dimensional vector
space, in which each signal corresponds to one axis. One can construct a subset of this
vector space such that the point representing the sensor outputs is always contained in the
subset, shown in Figure 6-17 for N = 3. Again, ASi represents the peak amplitvde of the i-th
sensor signal. Now, this subset can be further subdivided into Q = o4 regions representing
the spectral signature of a particular substance, i.e., when a region ic occupied by the N-
dimensional signal point, then the image being viewed contains the substance whose signature
is represented by that region. Given the number of resolution cells MS during a sample time

T , then the number of signatures Q = 29 which can be determined without exceeding the data

transmission capacity Dt can be found from

D, =D = M_log,(Q) (6-27)
=M 6-28
4 ( )
Solving for Q yields
qQ = 2PVMs (6-29)

If Q is chosen to be larger than given by Equation (€-29), it is possible that further data

compression can be performed in the channel encoder, to be described in Section 5.2, to

prevent loss of data bits.

6.1.5.1 Block Division

The method of subdividing the subset containing the sensor signal points into the signature
regions is now considered. One simple method can be described as block divisiou. Each
axis of the N-dimensional space is divided into line segments and the signature regions are
formed by the intersection of the planes perpendicular to each axis at the subdivision points.
Flgure 6-18 shows an example for N =2 and A A In Figure 6~18 there are

sl
Q= 2 = 16 sighatures (4 bits) per resolution cell, as opposed to the 6 to 8 bits which might
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have been used to send each sensor signal separately (12 to 16 bits total). For equal distance
between each separating plane along ¢ach axis (uniform quantization), Figure 6-19 shows

a digital implementation of the signature detection.
6.1.5.2 Ratio Division

Further investigatiun of the nature of the sensor signals may lead to refining the system of

Figure 6~19. Specifically, the analog outputs Si(t) from each sensor when viewing one

L |

particular point in a scene may be considered as follows:

'"'-—!Q

Si(t) = I(trf (6-30)
where

I{t) = intensity of illumination of the scene (wnite light) (function of time)

fi = fraction reflected in the i-th band (function of scene)

Clearly, as I(t) varies, Si(t) will vary ever for the same point in the same scene. But the
fractions fi contain the important information since they can be determined on the earth for
any substances whose presence on Mars is suspected. A simple way to remove the variation
b i t) is to f t -1 i = ; = “ee
caused by changes in I(t) is to form the N ratios Sz(t)/Sl(t) fz/fl’ Sz(t,/sl(t) fz/f1’ ,
SN(t)/' S1 t) = fN/f 1 Block division signature detection may now by employed on the N - 1
parameters P = fz/fl, Py = t3/f1, ees, PN_1 = fN/fl, ns described in Section 6.14.3.1. To
reduce the dynamic range for the signature subset, the largest si(t) (and, theref~re largest
fi)’ should be used to normalize. This will necessitate sanding a data word of [logzN] bits

whenever the signal being used for normalization changes.

In terms »f the discussion in Section 6.1.5, ratio division corresponds to dividing the
signature subset by planes passing through the origin with slope along each axis given by
fj/ fi. i #j. Figure 6-20 shows a representation of this scheme for N = 2. Clearly, ratio

division can be more efficient than hlock division because only an (N ~ 1) -dimensional space
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must be divided into signature regions. However, since frequent transmission of a normali-
zation variabie change word might delete any advantage. further studv must be performed on
typical data to determine the actual advantage. Figure 6-21 shows a scheme for ratio

division. Note that the actual normalizatior division) can e done by either analog or digital

components. A trade-off studv would determine the proper choice between analog or digital.

6.2 CHANNEL ENCODING SCHEME

The schemes in Section 6.1 assumed that the channel encoder consisted of simply a
commutator to convert the M scurce data outputs into one channel bit stream (plus anyv
needed storagei. ' .early for this case DS = Dt' i.e.. the channel encoder transferred ior
transmission al! data generated by the source encoder. It is possible to design a channel
encoder for certain tivpes of sensor signals which accepts DS bits. D»< > Dt' and removes
DS - Dt bits without sigrificantly degrading the quality of the reconstructed signals on the

earth.

Figure 6-22 shows a block diagram of a {vpical data compression scheme for the channel
encoder. The p-th order polynomial gredictor usesthe k- 1. k- 2. .... k - p previous
data words to predict that the k-th word should be. The equality detector determines the
accuraéy of the prediction. All correctlv predicied words are considered redundant. The
address encoder transfers all non-redundant words plus an address code to the commutator.
Due to the random nature of the redundant words. a buffer is required in the address

encoder to insure a constant word rate into the commutator.

There are three sources of error : the reconstructed signal due solely to data compression:

aperture effect. amplitude word errors due to channel noise, address word errors due to
channe' noise. The first error occurs when the equality detector considers as redundant
not only words predicted exactly, but those predicted to within some specified degree of
accuracy. The second and third errors are due to errors in the hit detection process at the

carth receiver. It is use.ul in comparing data compression techniques to consider the rms
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error e as per cent of full scale in the reconstructed signal. In general, this can be
rms

expressed as

2 2 2 1/2

: + =31
rms aper eampl eaddr 6-31)

where

e = rms error due to aperture effect
arer

e = rms error due o amplitude word errors
ampl

€.d dr - rms error due to adcdress word errors

i.e., the error sources are independent and the variances add. It should be noted that
e exists for systems with no data compression.
ampl
Equation (6-31) has been evaluated(l) for p = 0 and p = 1 with the three most common
addressing schemes - run length encoding, position word encoding, and single address wox 1

encoding. An important parameter in the evaluation is the compression ratio C where
_ total source data bits
" non-redundant bits @)
coming from the source encoder. It can be determined'”’ that for a fixed value of e

, which is a measure of the inherent redundancy in the data words

and a given set of telemetry system parameters, there exists a threshold for C depending

on p and the addressing scheme, above which data compression gives overall system impcove~
ment and below which degradation occurs. For example, with C = 5, about 1 dB improvement
occurs using a zero-order hold predictor and run-length addressing. The crossover point

for such a scheme is approximately C = 3. Since the value of C for the source data is de-
pendent not only upon the sensor signals, but also on the sampling rate and quantization bits

in the source encoder, it is not easy to predict the actual saving which would occur using

data compression in the channel encoder without considerable study of the data.

(1) Belver, T., and Huffman, G., Effect of Transmission Errors on Image Data Compression
Techniques, TIS No. 68SD235 (GE Co., document), June 1968.

@) Ibid.
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6.3 CONCLUSIONS AND SYSTEM DESIGN CONSIDERATIONS

Secticns 6.1 and 6. 2 have presented individual techniques to improve the efficiency of infor-
mation transfer when the data transmission capacity is not sufficient to support the basic
data processor of Figure 6-2. An important aspect of all these techniques, however, is that
they may cause degradation in the quality of the data received on the earth. Therefore, their
use may be prohibited unless absolutely necessary. A more desirable approach may be to
provide sophisticawed data processing as a back-up operating mode. With the communication
link operating satisfactorily, the system of Figure 6-2 might not exceed the data transmission
capacity. However, should the link be degraded unexvectedly to preclude telemetry at the
normal bit rate, the bit rate could be reduced, thus necessitating a reduction in sensor data
transmitted and justifying use of more extensive data processing. In a sir*.. - fashion,
continuous anticipated degradation of the communication link due to increa { range,
unfavorable antenna pointing, or component aging, would also indicate the usefulness of
different techniques of data processing (of varying complexity) on-board the same mission,
limited only by vehicle siz, weight, and power constraints. Figure 6-23 shows a functional
block diagram of a multi~technique data processor. Command of the switching can be

automatic or by ground command.

If implementing more than one data processing scheme on the vehicle is not possible, the
single scheme chosen depends upon the data compression requirements and complexity factor

tolerable. In general all of the schemes presented show promise of reducing the data trans-

mitted. However, the most feasible schemes are those for which the data savinrg can be

determined before launch (i.e., the non-closed-loop schemes).
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SECTION 7
MULTISPECTRAL EXPERIMENT

7.1 DESCRIPTION OF EXPERIMENT AND EQUIPMENT

The multispectral experiment was designed to verify the fact that samples of potential
Martian material could be separated on the basis of their spectral reflectance character-
istics, in a live scene and in real time. A tast tray was constructed to contain the subject
materials in an array such that a single TV scan line sampled the video signal from all the

constituents. Figure 7-1 is a schematic representation of the test scene and its constituents,

The test tray was placed in the field of view of the General Electric Multispectral TV Test
System. This system is shown in block diagram form in Figure 7-2, and the equipment is
illustrated in the photographs of Figure 7-3. The sensor system consists of a modified
General Electric PE-25A image orthicon color camera, such as those used by the com-
mercial TV broadcast industry. The basic camera system includes a three channel optical
system; the sensors; individual wide bandwidth sensor channel preamplifiers; channel
amplifiers with provision for additive shzding compensation, syinc ana blanking adders; a
monitoring and control console with provision for image orthicon bias and registration con-

trol; special power suppliers; and sync and blanking generators.

The optical system has been modified with a neutral (spectral) beam splitter and provision
was added to insert spectral filters in each channe! with separate facility for channel balance
using neutral density filters. A remote controlled iris adusts the average illumination in the

main relay optic,

The sensor focus and deflection yokes (three separate channels) are matched and will ac-
comodate any standard 3 inch image orthicon camera tube (S-1, S-10, or S-20 photocathodes)
facilitating the use of the entire visible spectrum (S-10) and including UV (S-1); near IR {S-20

extended red and S-1 to 1,1 microns).
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For multispectral analysis the signals in each of the three chi pnsla are taheR from the
preamplifiers and fed into a special video preprocedzor Intended to linearige the otherwise
non-linear outputs of the individual image orthiconcame:ra tuben, The aeyuence of compen-

sating operations is as follows:

(a) AGE (Automatic video gain control)
(b) ALC (Automatic light control)

(c) Multiplicative Shading correction
(d) Black level clamp

(e) Gamma correction (linearizes the camera tube transfer characteristic)

Foliowing the video preprocessor is the color balance corrector which adjusts the video gain
in individual channels for changes in spectral content cf the illumination as detected by in-

dependent sensors filtered at the same wavelengths as the scene input.

The pet result of preprocessing and color balance correction is to provide inputs to the sig-

nature analysis processor which are independent of scene illumination.

The signature analysis processor performs two types of analysis. For the first type (used
principally in this program) the processor passes video signals in each channel only when
the signals f21l between voltage thresholds which have been established by the ﬁuman analyst
(operator). Thresholds are set by adjusting calibrated precision potentiometers, AND
logic provides an output (single on-off) signal only when signals are passed through thres-
holds in all three channels simultaneously. The three pairs of thresholds thus define
decsion or signature calss boundaries in a three-dimensional signature space, and an
analyzer output signal at a given instant implies that the received radiation from the

particular scene resolution element at that instant falls within the established signature

class.

7-2
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The second type of anaiysis uses normalization (in contrast to the linear analysis of the first
type). Letting the instuntaneous amplitudes of the three spectral channel video signals be

represented by x, y, and z, three normulized signals are produced; i.e.

X y z
R S—————— R A AT —
X+y+z X*ty+tz | xty+z

These normalized signals are then passed through thresholds and AND logic as in the type
one analysis. While normalized analysis is particularly useful in certain applications, it
is not employed for signature classification in this experiment, but serves a supporting

role in the production of th= false color imagery presented later.

The output from the signature analysis processor consists of digital video signals corra-
s - . ing to the signature class decision regions defined by the combination of thresholds.
These signa.s become alarms for the signature classes and are displayed by adding them to
the total scene vidco or may comprise the only video displayed. For most purposes at this
point in the technological development it is useful to display these alarms superimposed on

the normal video as an aid in correlation of signature classes with objects in the scene.

If a color monitor is used each alarm may be displayed in an independent arbitrary false
color, and spatial information may be displayed in false color from one or more spectral

channels.

Not shown in the block diagram of Figure 7-1 is the optical unit of Figure 7-2 which is de-
signed to project independent black and white transparencies (taken in different spectral
bands) onto the faceplates of three image orthicons thus allowing analysis ¢f multispectral
data rer~rded on film. The film recording may be done by taking pictures in sclected
spectral regions with a camera or by several methods of rroducing film analegs of data
previously recorded on magnetic tape from devices such as point detector line scanners.
Imagery analyzed in this mode of operation may include the entire range of spectrai detect-
ability from ultraviolet through the visible, IR, thermal IR and as far out as microwave in

any combination of three.

7-3
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7.2 EXPERIMENTAL DETAILS

Narrow band optical filters for this experiment were chosen on the basis of several criteria

as .u.lows:

(a) Prescribed narrow band spectral regions selected for the analytical study were
wmatched as closely as possibie with respect to remaining experimental criteria,
and available filters.

(b) Maximum separation of spectral filter bands for best discrimination is
desireable.

(c) Bands were selected on the basis of 7spectra1 reflectance characteristics data
provided for maximum separation within the spectral regions.

(d) Maximum filter transmission in each band for optimum signal-to-noise is
desired.

(e) Balanced filter transmission for calibration purposes is desired.

Figure 7.4 is a plot of filter transmission vs wavelength for the filters ueed in the experi-
ment, multipliad by the normalized response of the S-10 photocathode for the type image
orthicons (10) used. Other optical transimissions withinthe system were not taken into ac-
count since each channel required the addition of neutral density filters to adjust the photo~
cathode illumination for that portion of the 10 transfer characteristic curve which provides
greatest linearity and maximum signal latitude. This was accomplished e:merimenta]ly by
measuring signal amplitude of a standard white target over the range of amplitudes from
maximum to minumum signal. Figure 7-5 is a typical characteristic curve for the 10's
used. It can be seen that maximum signal latitude cccurs on the steepest part of the curve.,

Inputs to the spectral signature analysis processor were then set equal for the white target
by adjusting the 10 preamplifier gain in each channe] individually using an artifical illumin-
ation source. This is necessary because natural sunlight constantly varies under most
meterological conditions. Independent spectral measurements (in the bands of interest)
were made of both the artifical ithanination source and the sunlight to assure proper
spectral (color) balance. The artifical source therefore consisted of several lamps (UV, IR
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and Photo floods) in an effort to get a spectral match to the sun, resulting in illumination
matched to within about 10% in spectral content and down in average level by a factor of 20
to 1. This provided a calibration which was valid for sunlight by neutral density compen-

sation when changing from artifical to natural illumination, and verified by viewing the same
standart black to white measurements performed in both situations. Calibration of this type

makes it possible to repeat threshold decisions on 2 day to day basis for most moderate
meterological conditions. This calibration does not imply, however, that precise spectral
reflectivity data can be reproduced.

The subject materials were then placed in the test tray as shown in the color photo of
Figure 7-6 and viewed at an angle of about 45° to a local normal on the tray. The tray was
reoriented periodically in an effort to maintain a sun.angle normal to the tray. This tech-
nique worked reasonably well between the hours of about 11 a.m. to 3 p.m. each day. The
illumination calibration seemed to hold reasonably well within this period of time.

7.3 EXPERIMENTAL RESULTS

The results of the experimental multispectral analysis consist of a group of photos
(Figure 7-7 through 7-12) and comments to aid in data correlation and interpretation.
Table 7-1 {8 a data summary including the comments in a digested form.

Comments:

---- In general the display was generated on a studio color monitor with a red back-
ground. Actually spatial information was included in the red input to the monitor,
but the red bias was turned up high enough to swamp out the picture details.
There is difficulty in matching color film sensitivity to the radiant energy output
of the picture tube phosphors such that the green gun looks yellow in the photo-

graphs and the blue gun looks like violet at low brightness and near white at high
brightness.

T
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No attempt was made to eliminate false alarms except with the subject materials.
Hence some pictures show the wood of the test tray, and the concrete pavement

upon which the tray was placed.

Adjustment of the threshold potentiometers coatains a degree of subjectivity de-
pending upon the operator, but in general the criterion was to obtain the best
alarm signal with the least number of false alarms in each photo. This some-
what precludes the possibility of a purely objective set of alarm signal criteria.

It should be noted that reflected energy contains specular components as well as
diffuse energy, and that these two phenomena will produce different video signals.
Since the solid samples have various facets there are necessarily false dismis-

sals and false alarms produced by these specular returns.

It should also be noted that the results are valid only for the particular constituent
specimens which were used in the experiment.

Making use of Table 7-1, and Figures 7-6 through 7-12 ore can evaluate the
constituent alarms with proper notation of false alarms and false dismissals.
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TABLE 7-1 DATA SUMMARY

Legend

Enhance *
False Dismissal O
False Alarm X

Figure - 7.7 | 7.8 } 7.9 ] 7.10] 7.11 7'124
Light-dsrk bounduries x X

Dunite *
Very light dunite facet 0
DPark shadowed facets x | somex Cc

R

Granite *
Dark shadowed facet X x

wr * 't‘,.::‘g-.,_V(

Lichen *
Light (sunny) edge x
Specular reflecting specks X

Rhyolite
Very light facet X X
In dark shadows of other rhyolite x

E Semi-dark facet b 4

T

Basalt *
Semi-dark facet (limonite stained) 0 x
Dark facet 0
Light vein b ¢

Lo edbegy WECTA N

Sand ¥* *
In shadow of left side of box 0 0 b 4 x
In shadow of granite x
In shadow of rhyolite x
Limonite *
In shadow of left side of box
In shadow of lichen 0 x
In shadow of basalt 0 x

Right and lower right area in box 0
Limonite in shadow of dunite x

= '”'4"-/ :!‘M""-"'“ M Y

JENE

Horizontal edge of box x X
Vertical edge of box x

i
? '.
&

¥

E
£
L8
A

e e e ’-J-—--,)“,qfa' o - — - - T T ——__ - e
F 0 2" r ." K - "



AVHL ATdHVS 40 OLLVWAHOS 1-L HUNOTI

LIYSY®

.

2LInn]

7-8




7-9

ureadeyq yoold weysAs 389 [eroedspimN *Z-L eandtg

LSATYNY
AVidsia NYWNH
FUNLVYNOIS SAONTY VASNVHL
ANVILLINKW
(SISATVYNY  — ~— HOBNIS
YO.LINOW JUALVYNDIS) L | ONISSAOONd Lg AL | THAOW TYOISAHd
AL OHNISSAD0Ud -3Ud TANNVHO-E
NOTYNY e jll
ANIOS JAIT
BN W e e s e mwass et ol el  keewd agel  wewd et AN R  WOWR
N . N . . T e R e L L U (AP R




MULTISPECTRAL TV TEST SYSTEM (TOP) AND

OPTICAL UNIT (BOTTOM) FOR
INPUT TO THE SYSTEM VIA MUL

0
TIBAND TRANSPARENCIES

FIGURE T=3
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FIGURE 76 COLOR PHOTOGRAPH OF TEST TRAY
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SECTION 8
CONCLUSIONS

8.1 BROAD BAND ANALYSIS
The study has shown that the compounded spectral properties of irradiance, reflectivity,

filters and sensor can be effectively compared from senscr to sensor through the modulation
concept. The modulation determined in this study was confined to varying spectrai qualities
only; it is felt that the method wiil be more effective when sensor noise, and response time

are considered.

8.2 NARROW BAMND ANALYSIS
The narrow band part of this study received the greatest attention. The techmique devised

to describe effectiveness of the filter to discriminate between the selected constituents of
the test scene was the modulation criterion. The results showed that if the band is narrow
enough, reiative to the spectral profiles of the reflectivities, modulation performed on the
reflectivities only, and not on the sensor outputs, will be sufficient to choose the best
spectral location for the filters. The band-width of the filters to which these conclusions
apply are of the order of 100 A - 500 X at half-width. This conclusion does not
necessarily apply to other materials and constituents, for it has become clearly evident
during this study, that detailed knowledge of the spectral characteristics of the scene is a
fundamentai requirement, and that any conclusion made, refers specifically to the depth of
that knowledge. For band-widths that are wider than a few hundred Angstroms and narrower
*~an the speciral range of most detectors, there is a bandwidth, beyond which the reflecti-
vity modulation will not be the same as sensor output mr:dulation. The band's location and
width will again be a function of the constituents and their spectial characteristics. It is
also possible that in this order of bandwidth some rapidly varying spectral properties of
the irradiaace and the scene will become important.

Within the scupe of the present study the latter two parameters were not found to be signi-

ficant, primarily because noise and risetime were not considered. It is felt that when these
are taken into account the modulatiou curves for a given scene will begin to vary significantly
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from detector to detector, and the technique is expected to be very powerful in this respect.
The importance of the detector has not been fully shown in this study for yet another reason:
a practical filter has transmission characteristics of significance at other wavelengths than
those within the band for which it was designed. These often vary considerably from
manufacturer to manufacturer, and a partial "break through™ of radiation in a spectral

region to which the detector is more sensitive is not uncommeon.

The overall conclusion in the narrow band section oi the study, is therefore, that the basis
of a powerful technique has been laid down and that it will become a significant criterion
when practically observed phenomena are included in the analysis.

8.3 THE FILM-DENSITOMETRY EXPEFRIMENT
The prime purpos : of this was to show the reader the nature of the scene that was being

examined in natural colour and in a multispectral representation. Througk not being able to
empirically determine the reflectivities of the materials used in the experiment for use in
the computer program, a quantitative proof of the analytical method was not possible. How-

ever the use of the modulation technique was verified under non-ideal circumstances.

8.4 THE MULTISPECTRAL T.V. EXPERIMENT

The results from this experiment were very encouraging, and clearly showed that the various
constituents could be discriminated in the presence of noise. However, in this experiment,
as in the analysis, more variable forms of the same constituent are needed to completely

evaluate the discrimination techniques that may be used.

8.5 DATA REDUCTION
Although all of the data compression schemes presented show promise of reducing the total
data load, only those for which the data saving can be determined before launch (i.e. non-

adaptive, non-closed-loop schemes) are truly practical. The performance of most data
reduction techniques will be aided by normalization of detector outputs; nevertheless,
variations iz spectral signature due to sun angle, camera angle, constituent grain size etc.
may make on-board, automatic signature identification quite unreliable.
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SECTION 9
FOLLOW-ON WORK RECOMMENDATIONS

Our overall strategy was to develop and test in this study a technique which would aid in the
selection of combinations of detector color bands and grey levels for a set of somewhat
idealized conditions e.g. we did not consider any of the known experimental variations such
as changes in reflectivity with sun and camera angles. Once the approach was found to be
successful under these conditions, we were planning to modify the computer programs and
experimental tasks to include variations of these parameters, and repeat the study under
more realistic conditions. Due to tke limited funding and time, this additional work could
absolutely not be included in the present contract. We therefore propose a follow-on study
which would continue the examination of optimum filter-detector relationships with consid-

eration of some or all of the following factors that are known to be important.

9.1 THE INFLUENCE OF SURFACE OPTICAL PROPERTIES

The optical behaviour of the surfaces of the constituents is a function of many parameters.
In order to ascertain the variability of the spectral signature, the dominant optical para-
meters must be studied and experimentally examined. The ones which we think should be

brought into the overall scope of the multiband study are the following:

9.1.1 VARIATION WITH GRAIN SIZE

The spectral reflectivity of most rock and mineral constituents is a strongly varying function
of grain size. (Refs. 47 and 51) In some cases the reflectivity at a particular wavelength
can chang : by factors of up to 18 or more when the grain s‘ze is reduced from the order of
millimeters to tens of microns in diameter. In general the reflectivity of the material is
inversely proportional to the grain size. Often a large contribution to the reflected radiation
is specular, is therefore strongly directional and hae the spectral properties of the illumi-
nating source. The latter properties are particularly significant in fully describing the

range of signatvre. a constituent can have.
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9.1.2 POLARISATION

The specularly reflected light is often strongly polarised. The degree of polarisation is
expected to increase with the specular component and therefore be inversely proportional

to the grain size. The action of a polarised filter in imaging will clearly aid, in circum-
stances of high polarisation, the inherent signature of the constituent to dominate to a higher

degree, and will by virtue of reducing the reflected light increase the contrast ratio.

9.1.3 NATURE OF THE ILLUMINANT

The existance of an absorbing and scattering medium lying between the source and illumi-
nated scene, and between the latter and tke imaging system, can in certain circumstances
completely alter the spatial modulation of the scene. In broad terms a scattering medium
will redistribute the incident light so that in extreme cases the illumination is incident in all
directions instead of being concentrated in a near parallel beam. The result of destroying
plane paralleiism of the incident beam will be to reduce the scene contrast, and is an effect
which cannot be ignored when imaging on a planet such as Mars, which hos a thin atmosphere

which may contain large numbors of scattering media.

The relative reflectivites of materials of different grain size will vary with sun and camera
angles, as illustrated in Figures 9-1 and 9-2. This will make the contrast modulation
function, described in Section 4, dependent on these angles. In a foliow-on study, we would
like to compose a typical scene including constituents of several different graixi sizes and

take narrow-band pictures of the scene at many different sun and camera angles.

9.1.4 EFFECT OF RESOLUTION

As the resolution of an imaging system is varied, not only does the intensity contrast of the
scene appear to change but also the spectral reflectivity of constituents may vary. For
instance, as one starts resolving individual crystallization regimes of a mineral rock,

the reilectivity can vary sienificantly from one part to another of the same rock. We,
therefore, pronose to examine briefly the effect of a resolution element becoming

large enough o encompass within it several surface constituents. This problem also

emerges anew with the imaging of distant scenes. The instantaneous field of view cf the
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sensing system may cover a sufficiently large area at a distance, so that more than one

constituent is contained in the observed area.

9.1.5 SURFACE OPTICS EVALUATION

It is suggested that the above surface properties are evaluated in the follow-on study in two

ways:
a. Analytically

b. Experimentally

In evaluating a) existing applicable data will be used on two or three selected constituents,

and run in the existing program. It iz felt more practicable at this stage to evaluate a few
materiais in depth, and to firmly establish the technique. It is suggested that the experi-
mental program should be done through the use of multiband MTF of the appropriate scenes
using visible, near IR and infrared techniques. An example of the technique is shown below
(Figure 9-3) for sections across the Death Valley in California. The two Scene Modulations
are derived from a) a color slide directly and b) a positive copy of the color slide. The direct
analysis of the color slide is effectively a very narrow spectral band at the wavelength of

the Helium-Neon Laser that wag used to determine the scene spatial modulations.

An extension to this technique is the use of an infrared camera operating between one and

five microns. The display of the camera will limit the number of gray bands but the results
~an be analyzed like the modulation technique as before.

This approach shows the attraction of determ aing the effective optical frequencies in the
various bands and will record through the same function, variation of the spatial frequency

of the scene as a function of lighting conditions, grain size of the constituents and degree of

polarisation.
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9.2 OPTICAL EMISSION FROM CONSTITUENTS

Beyond several microns one expects the radiation due to thermal emission from Martian
constituents to approach the intensity level due to reflection. Therefore the effect of thermal
emission on the selection of spectral bands and grey levels should be investigated. The
value of supplemental imaging at night to discriminate constituents on the basis of their

emission signatures should also be studied.

9.3 DETECTOR NOISE

The present study was idealized to the extent that detector noise was neglected. This means
we are trying to discriminate a constituent signature not against a background of noise but
against a background of other constituent signatures. The next logical step is to include
detector noise, typical scan rates and other parameters affecting the signal-to-noise ratio

to determine how they influence our band and grey level section.

9.4 MARINER RESULTS
Provided the appropriate data is made available, the scene contrast obtained during the

current Mariner flight can be compared with simulated scene compositions and the pre-

dicted output for the sensor compared with that experimentally obtained.

9.5 FOLLOW-ON EXPERIMENTS

We recommend extending the experiments into the infrared and measuring the effects of

sun-camera angle, constituent grain size, polarization, and resolution upon the dis-

criminability of constituents in a topographic scene. In addition we would like to perform

a closed loop experiment to determine how the number of grey levels effects the dis-
crimination.
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Figure 9-1. Test Scene with Sun-Zenith Angle of 45° and .
Sun-Camera Angle of 0°

Fig ' 9-2. Test Scene with Sun-Zenith Angle of 45° and
Sun-Camera Angle of 90°
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FIGURE 9-3. SPATIAL MODULATION OF A DEATH VALLEY SCENE
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SECTION 11
APPENDIX

11.1 SCHEMATIC CF PROGRAM "MULT-SPEC"

Insert - Irradiance Data
Atmospheric Transmission Data
Optical Transmission Data

Reflectivity Data

Response Data
Select initial wavelength, wavelength interv | and number of

intervals for Integration

Determine vualue of the Irradiance dependant variable at the
selected wavelengths by interpolation

I

--------’--—-

Determine value of the Atmospheric Trausmission dependant
variable at the selected wavelengths by interpolation

- - - - - -

Determine value of the Optical Transmission dependant
variable at the selected wavelengths by interpolation

l_—--—-—-—*--——

Determine the value of the Constituent reflectivity at the

selected wavelength by int

Determine the value of the Sénsor Response at the selected
wavelengths by interpolation

Multiply the interpolated values of Irradiance, Atmospheric
Transmission, Optical Transmission, Constituent Reflecti-
vity and Sensor Response together at each selected wave-
len;ggh and integrate over the selected wavelength range

v

Sensor Output

NOTE: Dashed lines represent options for not including a
part of the program.

-t

.-*
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11,2 AVFECT OF NOISE AND FILTER BREAKTHROUGH

Internally funded work continued after the contractual part of the study was completed and
some of the activities suggested in the follow-on have been preliminarily investigated. The

sections referring to these areas in the report are Sections 8.2 and 9. 3.

11.2.1 THE AFFECT OF INCREASING BANDWIDTH

11 Section 3.5.4 the inherent modulations of the ~onstituents were shown to be identical to
those determined for narrow bands. As the bz~ iwidth increases the scene modulation (and
discrimination modulation) are degraded. Ex... ples of this degree of degradation are shown
in Figure 11-1. These curves were derived for somewhat ideal filters; the results that may

be expected from manufactured filters are discussed below.

11.2.2 THE AFFECT OF FILTER BREAKTHROUGH

Most. if not all. narrow band filters have some transmission at wavelengths outside the
quoted band of their primary transmission. Typical values for the transmission of the filter
in this breakthrough region is from 0.1% to 0.5%. Examples of this behavior are shown in
Figure 11-2; this data was obtained from an Eastman Kodzak Infrared Interference Filter
catalog. The filter shape was normalized and inserted into the MULTSPEC program from
which the modnlation plots were derived. Note how the wavelength of peak modul:tion

changes together with the decrease in moduiation at the peak.

11.2.3 THE AFFECT OF NOISE

The uncooled detectors in the infra-red are generally detector noise limited. The introduc-~
tion of tkis phenomenon into the modulation calculations produces the curves shown in
Figure 11-3. The anticipated decline or the modulation with the decreasing response of the
detector is now clearly evident. A further advance towards a more realistic experimental

situation is made by considering the combined effect of breakthrough and noise. The results

11-2
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are shown in Figures 11 * =nd 11-5. The calculations performed on the other uncooled

infra-red detectors showed that they were unsuitable, owing to the predominance of noise.

11.2.4 CONCLUSIONS

The results of this brief analysis have shown the power of the technique when noise and other
optical defects of experimental equipinent are included in the analysis. It was anticipated
the technique would enable the cptimum combination of filter and detector to be chosen:

this nas now been clearly demonstratec.
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